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SYNTHESIS OF 3,5-BIS(PERFLUOROBENZYLOXY)BENZYL ACRYLATE 
CONTAINING POLYMERS 
SUMMARY 
 
Properties and applications of polymers can be extended by copolymerizing with 
other monomers to give new materials with tailored properties and performances. 
Currently there is a significant interest not only in the synthesis of new types of 
polymeric materials, but also in the modification of existing polymers in order to 
change their properties to satisfy the requirements for new applications. During the 
last decade the controlled/living radical polymerization (CLRP) became a useful 
synthetic method to prepare new complex architectures of polymers such as block, 
graft, star and functional polymers with well-defined structures. Recent 
developments in controlled /living radical polymerization enable the possibility to 
synthesize polymers with controlled functionalities also with radical routes. The most 
widely used methods for CLRP include atom transfer radical polymerization 
(ATRP), nitroxide mediated radical polymerization (NMRP), and reversible 
addition-fragmentation chain transfer polymerization (RAFT). Among the several  
controlled /living radical polymerization techniques, atom transfer radical 
polymerization (ATRP) is one of the very versatile and convenient techniques for 
polymer synthesis with good control of the molecular weight and relatively low 
polydispersities. ATRP allows the synthesis of a variety of acrylate polymers with 
well-defined compositions, architectures, functionalities, and chain topology with 
narrow molecular weight distribution, targeted number-average molecular weights, 
specific end groups, etc.  
Polyurethanes are finding increasing application and use in many industries due to 
their advantageous properties, such as a wide range of flexibility combined with 
toughness, high abrasion resistance, high chemical resistance, high acid etch 
resistance, excellent weatherability, and very low temperature cure. These features 
make polyurethanes one of the most widely used and one of the fastest growing types 
of polymers in the world. 
UV-curable coatings are continually being developed by many leading suppliers in 
an effort to reduce any detrimental effects to the environment and to meet high 
standards required by industry. Especially, in the field of UV curing industries,  
urethane acrylate derivatives have been widely used as coatings, structural adhesives 
and advanced composite matrices. Because of their wide property range, clarity and 
resistance to degradation by environmental effects, acrylic polymers are used in 
amazing variety of applications ranging from very soft adhesive materials to rigid 
nonfilm forming products.  Fluorine containing materials are not only used as 
engineering plastics and high-tech elastomers, but also find considerable application 
in the coating industry because of their interesting properties, like water and oil 
repellency. The replacement of hydrogen with fluorine atoms improves chemical, 
thermal and photochemical stability of polymeric materials. On the other hand the 
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presence of fluorine can dramatically affect the chemical reactivity and the most 
common fluorinated monomers need complex procedures for their conversion into 
macromolecular compounds. Fluorinated surfaces of polymers have attracted much 
interest because of their exceptional properties, originating from the C-F bond. In 
general, fluoropolymers exhibit high thermal stability, enhanced chemical resistance, 
and low surface energy when compared to their non-fluorinated analogs. Fluorinated 
surfaces derive their characteristics from the unique molecular properties associated 
with the C-F bond that imparts a specific, unique chemistry and physics at interfaces. 
Their low surface tensions, low electrostatic loading, and low friction coefficient can 
play an essential role in microelectronics, antifogging and antifouling applications 
and are promising in medical applications. Two distinct routes are ordinarily utilized 
for the synthesis of these interesting macromolecules. Firstly, they can be prepared 
by the polymerization of fluorine-containing monomers. Secondly, fluoropolymers 
can be prepared through polymer modification reactions that incorporate fluorine 
atoms or fluorine-containing moieties into a non-fluorinated parent polymer. Many 
commercially available fluoropolymers are prepared by the polymerization of 
fluorinated monomers. 
In this thesis for the first strategy, we describe the synthesis of a novel perfluorinated 
ATRP initiator and using this initiator for the polymerization of styrene (St) and 
methylmethacrylate (MMA) monomers. The efficiency of the synthesized initiator is 
evaluated and discussed on the basis of the molecular weight and polydispersity of 
the polymers. Synthesized initiator was characterized by Fourier transform infrared 
(FT-IR) spectroscopy, 19F-NMR, and 1H-NMR. Obtained fluorine end-capped 
polymers were also characterized by 1H-NMR, gel permeation chromatography 
(GPC), and the thermal properties were examined by differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA) methods. Thin films of 
these polymers were prepared by spin coating to investigate the wetting behavior of 
the polymers and surface contact angle values were measured. The polymerizations 
produced well-defined polymers with relatively narrow poyldispersities (Mw/Mn 
~1.20).A linear relationships between both ln[M]0/[M] vs. time and molecular weight 
vs. conversion indicated controlled/ living polymerization of St using FBr as ATRP 
initiator. The DSC results correlate well with the results of pure pSt and pMMA 
polymers. Introducing the fluorinated groups into the polymer gave higher residue in 
the TGA analysis. Contact angle measurements indicated that the surface wettability 
of the obtained films decreased significantly. 
Secondly, as a result of aiming to use many unique advantages contributed by the 
fluorine group, a novel type of perfluorinated-aromatic group containing monomer 
(FM) was synthesized and polymerized to form copolymers in which more fluorine 
groups are incorporated rather than just being at the end of the chains. Synthesized 
monomer were characterized by 1H-NMR, 19F-NMR, and FT-IR. After the synthesis 
and characterization of new monomer, it is copolymerized with MMA by FRP. 
Copolymerization behaviour of this monomer with MMA was investigated. The 
kinetics of both monomers have been studied in order to obtain information on the 
relationship between structure, reactivity and the resulting properties.  Monomer 
reactivity ratios for the studied monomer pair were calculated by using extended 
Kelen-Tudos (EKT) method. Copolymers’ compositions and the monomer reactivity 
ratios suggest the random nature of the copolymerization. Thermal behavior of the 
copolymers was also investigated by TGA and DSC. The copolymers have only one 
glass transition temperature from 46 oC to 78 oC, depending on the copolymer 
compositions. Melting endotherms have not been observed in their differential 
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scanning calorimetry traces, this indicates that all the copolymers with different 
compositions are completely amorphous. Copolymer films were prepared with spin 
coater and contact angle measurements of water and ethylene glycol on films of 
synthesized polymers indicated high degree of hydrophobicity. 
Finally, growing apprehensions about environmental conservation have driven 
industry toward the use of solvent-free polymerization systems, and UV curing has 
become a viable alternative to the conventional thermal curing of solvent-containing 
polymer formulations. And also added benefits of UV-curable materials, such as fast 
curing speeds, energy conservation, high efficiency, and less pollution, have led to 
their increased use in various applications such as paints, thin-film coatings, 
adhesives, packaging overcoat films, and inks.  
As a result of these facts mentioned above and as a part of our interest on fluorinated 
polymers and coatings in the third part of the thesis, a novel fluorinated urethane-
acrylate (FUA) monomer was prepared based on isophorone diisocyanate (IPDI), 
3,5-bis(pentafluorobenzyl)oxy benzyl alcohol (FOH) and 2- hydroxyethyl 
methacrylate (HEMA) via in situ method. The obtained novel FUA was 
characterized by 1H-NMR spectroscopy and FT-IR spectroscopy. This newly 
synthesized FUA was introduced at several different ratios to polyurethaneacrylate 
(PUA) and polyepoxyacrylate (PEA) formulations. The UV-curable 
polyurethaneacrylate (UV-PUA) was obtained with oligomer (PUA or PEA), 
monomers (FUA,HDDA and TPGDA) and photoinitiator, Darocur 1173. The effects 
of the ratio of the non-fluorinated/fluorinated urethane acrylate on the coating 
properties of the UV-PUA films were investigated. On the other hand perfluorinated-
aromatic group containing monomer (FM) was also introduced as monomer in 
different ratios into UV-curable polyurethaneacrylate (UV-PUA) formulations and 
effect of this monomer on films was investigated. UV-curable clear coatings were 
applied on plexiglass and teflon substrates. The physical and mechanical properties 
of UV-cured coatings such as gel content, solvent resistance, hardness, gloss, 
flexibility and tensile tests were examined. Also thermal degradation behaviour of 
coatings was also evaluated by thermogravimetric (TGA) analysis. Contact angle 
measurements of water and ethylene glycol on films of coatings have shown that the 
addition of fluorinated polyurethane-acrylate precursor to the system improved the 
water repellency and increased the contact angle from 72o to 104o. 
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3,5-BİS(PERFLOROBENZİLOKSİ)BENZİL AKRİLAT İÇEREN 
POLİMERLERİN SENTEZİ 
ÖZET 
Polimerlerin uygulama ve özellikleri istenilen özellik ve performansta yeni 
malzemeler elde etmek için farklı monomerlerle kopolimerleri yapılarak 
genişletilebilir. Bugünlerde sadece yeni tip polimerik malzemelerin sentezine değil, 
varolan polimerlerin yeni uygulamalar için gerekli olan ihtiyaçları karşılamak 
amacıyla özelliklerini değiştirmek konusuna da dikkate değer bir ilgi vardır.  
Son on yılda kontrollü/yaşayan polimerizasyon (CLRP ) iyi tanımlanmış yapıda blok, 
aşı, yıldız ve fonksiyonel polimerler gibi yeni kompleks mimariye sahip polimerlerin 
hazırlanmasında kullanışlı sentetik bir metod haline gelmiştir. Kontrollü/yaşayan 
polimerizasyondaki son gelişmeler radikalik mekanizma ile de kontrollü 
fonksiyonelitede polimer sentezleyebilmeyi mümkün hale getirmiştir. Atom transfer 
radikal polimerizasyonu (ATRP), nitroksit ortamlı radikal polimerizasyonu (NMRP) 
ve tersinir eklenme-ayrılma zincir transfer polimerizasyonu (RAFT) 
kontrollü/yaşayan polimerizasyon yöntemleri için en yaygın kullanılan metotlardır. 
Çeşitli kontrollü/yaşayan polimerizasyon yöntemleri arasında, atom transfer radikal 
polimerizasyonu (ATRP), nispeten düşük polidispersiteli ve iyi kontrol edilmiş 
molekül ağırlığı olan polimerlerin sentezinde kullanılan, çok amaçlı ve çok kullanışlı 
tekniklerden biridir. ATRP, dar molekül ağırlığı dağılımlı iyi tanımlanmış bileşim, 
mimari, fonksiyonalite ve zincir topolojisine sahip, hedeflenmiş sayıca-ortalama 
molekul ağırlığı, spesifik uç grupları, vb.  olan çeşitli akrilat polimerlerinin sentezine 
imkan verir.  
Poliüretanlar, mekanik dayanıklılık, yüksek aşınma dayanımı, yüksek kimyasal 
dayanım, asite karşı yüksek aşınma dayanımı, hava şartlarına dayanıklılık ve çok 
düşük kürlenme sıcaklığı ile geniş bir esneklik aralığı gibi avantajlı özellikleri 
nedeniyle birçok endüstri alanında artan bir uygulama ve kullanım imkanı 
bulmaktadır. Bu  özellikler poliüretanları dünyadaki en yaygın kullanılan ve en hızlı 
büyüyen polimerlerden biri haline getirmiştir. 
UV-kürlenebilir kaplamalar, birçok önde gelen üretici tarafından çevreye olan 
herhangi zararlı etkisini azaltmak ve endüstrinin gerektirdiği yüksek standartları 
yerine getirmek  amacıyla devamlı olarak geliştirilmektedirler. Özellikle UV kürleme 
endüstrisinde kaplamalarda, yapısal yapıştırıcılarda ve ileri kompozit matrislerde 
üretan akrilat türevleri yaygın olarak kullanılmaktadır. Geniş özellik aralığı, 
berraklığı ve çevresel etkilerle bozunmaya dayanıklılığından dolayı akrilik 
polimerler, yumuşak yapıştırıcılardan katı film oluşturmayan ürünlere kadar değişen 
şaşırtıcı sayıda çeşitli uygulamalarda kullanılır. 
Flor içeren maddeler sadece mühendislik plastikleri ve yüksek teknolojili 
elastomerlerde değil aynı zamanda su ve yağ iticiliği gibi ilginç özelliklerinden 
dolayı kaplama endüstrisinde de dikkate değer uygulama alanı bulmaktadır. 
Hidrojenin flor atomları ile yer değiştirmesi, polimerik materyallerin kimyasal, 
termal ve fotokimyasal kararlılığını iyileştirmektedir. Diğer taraftan, florun varlığı 
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kimyasal reaktiviteyi önemli ölçüde etkileyebilir ve en genel florlu monomerler 
makromoleküler bileşiklere dönüşmek için kompleks prosedürlere ihtiyaç duyarlar. 
Florlanmış polimer yüzeyleri C-F bağından kaynaklanan müstesna özelliklerinden 
dolayı çok ilgi çekmektedir. Genellikle, florlu polimerler florsuz analogları ile 
kıyaslandıklarında  yüksek termal kararlılık, artırılmış kimyasal dayanıklılık ve 
düşük yüzey enerjisi gösterirler. Florlanmış yüzeyler temel özelliklerini, 
arayüzeydeki özel, kendine has kimyası ve fiziğini açığa vuran C-F bağından elde 
ederler. Düşük yüzey gerilimleri, düşük elektrostatik yüklenmeleri ve düşük 
sürtünme katsayıları gibi özellikleri sayesinde mikroelektronikte, buğulanmayı 
önlemede, çürüme ve yosun tutmayı önlemede birinci derecede önemli rol 
oynayabilir ve medikal uygulamalarda da umut vermektedir. Bu ilginç 
makromoleküllerin sentezinde genellikle iki belirgin yöntemden faydalanılır.  
Birincisi, florlanmış monomerlerin polimerizasyonu ile elde edilebilirler. İkinci 
olarak florlu polimerler, flor atomları veya flor içeren grupların florlanmamış esas 
polimere modifikasyon reaksiyonları ile dahil edilmesi yoluyla elde edilebilirler. 
Ticari olarak elde edilebilinen birçok florlu polimer, florlanmış monomerlerin 
polimerizasyonu ile hazırlanır. 
Bu tezde ilk strateji olarak, perflorlanmış yeni bir ATRP başlatıcısının sentezi ve bu 
başlatıcının stiren (St) ve metil metakrilat (MMA) monomerlerinin 
polimerizasyonunda kullanılması açıklanmıştır. Molekül ağırlığı ve polimerlerin 
polidispersitesi bazında sentezlenen başlatıcının etkinliği değerlendirilmiş ve 
tartışılmıştır.  Sentezlenen başlatıcı Fourier tranform kızılötesi spektrometresi (FT-
IR), flor NMR (19F-NMR), ve proton NMR (1H-NMR) ile karakterize edilmiştir. 
Elde edilen flor uç-sonlu polimerler de 1H-NMR, jel geçirgenlik kromatografisi 
(GPC) ile karakterize edilmiş, termal özellikler diferansiyel taramalı kalorimetre 
(DSC) ve termogravimetrik analiz (TGA) metotları ile incelenmiştir. Bu polimerlerin 
ıslanma davranışlarını araştırmak amacı ile spin coating yöntemi kullanılarak ince 
filmleri hazırlanmış ve yüzey temas açı değerleri ölçülmüştür. Yapılan 
polimerizasyonlarda nispeten dar polidispersiteli (Mw/Mn ~1.20) iyi tanımlanmış 
polimerler elde edilmiştir. FBr nin ATRP başlatıcısı olarak kullanıldığı stiren 
polimerizasyonundaki hem ln[M]0/[M] in zamanla ve hem de molekül ağırlığının 
dönüşümle aralarındaki doğrusal ilişki kontrollü/yaşayan polimerizasyona işaret 
etmektedir. DSC sonuçları saf polistiren (pSt) ve saf polimetil metakrilatın  (pMMA) 
sonuçları ile uyum sağlamaktadır. Florlu grupların polimere entegre edilmesi, TGA 
analizlerinde daha yüksek miktarda kalıntı elde edilmesini sağlamıştır. Temas açısı 
ölçümleri, elde edilen filmlerin yüzey ıslanabilirliğinin önemli ölçüde azaldığını 
göstermiştir. 
İkinci olarak, flor grubunun sağladığı birçok müstesna avantajları kullanmayı 
amaçladığımızdan, yeni tip perflorlanmış aromatik grup içeren monomer 
sentezlenmiş ve bu monomer sadece zincir uçlarında var olan florlar yerine daha 
fazla flor grubunu bünyesinde barındırabilecek kopolimerler oluşturmak için 
polimerleştirilmiştir. Sentezlenen monomer 1H-NMR, 19F-NMR, ve FT-IR ile 
karakterize edilmiştir. Yeni monomerin sentez ve karakterizasyonundan sonra, 
serbest radikal polimerizasyonu (FRP) kullanılarak MMA ile kopolimerizasyonları 
gerçekleştirilmiştir. Bu monomerin MMA ile kopolimerizasyon davranışı 
incelenmiştir. Yapı, reaktivite ile sonuç özellikler arasındaki ilişki hakkında bilgi 
elde etmek amacı ile her iki monomerin kinetiği de çalışılmıştır. Çalışılan monomer 
çifti için monomer reaktivite oranları extended Kelen-Tudos (EKT) metodu 
kullanılarak hesaplanmıştır. Kopolimerlerin bileşimi ve monomer reaktivite oranları 
kopolimerizasyonun rastgele kopolimerizasyon olduğunu göstermiştir. 
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Kopolimerlerin termal davranışları da TGA ve DSC yöntemleri ile incelenmiştir. 
Kopolimerler, kopolimer bileşimine bağlı olarak 46 oC ile 78 oC arasında değişen tek 
bir camsı geçiş sıcaklığı göstermişlerdir. Taramalı kalorimetre eğrilerinde farklı 
bileşimli bütün kopolimerlerin tamamen amorf olduğunu işaret eden erime 
endotermleri gözlemlenmemiştir. Kopolimerin döndürmeli kaplama cihazı ile 
filmleri hazırlanmış ve sentezlenen polimerler üzerindeki su ve etilen glikol temas 
açısı ölçümleri yüksek düzeyde hidrofobik olduklarını işaret etmiştir. 
Son olarak, çevresel koruma ile ilgili büyüyen endişeler endüstriyi çözücüsüz 
polimerizasyon sistemleri kullanmaya sevk etti ve UV ile kaplama yöntemi çözücü 
içeren polimer formülasyonlarının alışılagelmiş termal kürlenmesine uygulanabilir 
bir alternatif oldu. UV ile kürlenebilen materyallerin hızlı kürlenmesi, enerji 
koruması, yüksek etkinliği ve daha az kirliliğe sebep olması gibi ilave faydaları,  
boya, ince film kaplama, yapıştırıcı, ambalaj mantolama filmi ve mürekkep gibi 
çeşitli uygulamalarda kullanımının artmasına yol açtı. 
Yukarıda bahsedilen gerçeklerin sonucunda ve florlu polimerler ve kaplamalarına 
olan ilgimizin bir parçası olarak tezin üçüncü bölümünde, yeni tip florlanmış üretan 
akrilat monomeri izoforon diizosiyanat (IPDI), 3,5-bis(pentaflorobenzil)oksi benzil 
alkol (FOH) ve 2- hidroksi etil metakrilat (HEMA) kullanılarak in situ metodu ile 
sentezlenmiştir. Elde edilen yeni florlu üretan akrilat (FUA), 1H-NMR spektroskopisi 
ve  FT-IR spektroskopisi ile karakterize edilmiştir. Bu sentezlenen FUA, poliüretan 
akrilat (PUA) ve poliepoksiakrilat (PEA) formulasyonlarına çeşitli farklı oranlarda 
katılmıştır. Oligomer (PUA veya PEA), monomer (FUA, HDDA and TPGDA) ve 
fotobaşlatıcı, Darocur 1173, kullanılarak UV ile kürlenebilir poliüretan akrilat (UV-
PUA) elde edilmiştir. Florlamış/florlanmamış üretan akrilat oranının UV-PUAfilm 
özelliklerine etkisi araştırılmıştır. UV ile kürlenebilir berrak kaplamalar pleksiglas ve 
teflon substratlara uygulanmıştır. UV ile kürlenebilir kaplamaların jel içeriği, çözücü 
dayanımı, sertlik, parlaklık, esneklik ve gerilme testleri gibi fiziksel ve mekanik 
özellikleri incelenmiştir. Kaplamaların termal davranışları da TGA analizleri ile 
belirlenmiştir. Florlanmış üretan akrilatın ilavesi, formulasyonların su iticiliğini ve 
kaplamaların su ve etilen glikol temas açı değerlerini iyileştirmiş ve 72o den  104o e 
çıkarmıştır. 
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1.  INTRODUCTION 
The exchange of fluorine atom with hydrogen, fluorination, has been explored as a 
chemical modification of several classes of materials, with numerous attracted 
features mainly due to the special properties of the small halogen atom, such as the 
high electronegativity and the strength of the C-F bond. Because of their small size, 
fluorine atoms can shield a fluorinated carbon atom without any steric stress. This 
results in low intermolecular force and hence low surface tension of fluoropolymers 
[1]. Based on these features, several improvements of the material properties can be 
expected. Taking advantage of the low surface energy of fluoropolymers makes them 
useful in a number of applications. Fluoropolymers impart resistance to oils, water, 
and soils and therefore are used prevalently in the textile and carpet industries. Other 
common uses include nonstick cookware, car finishes, cosmetics, and 
pharmaceutical applications [2, 3]. 
1.1 Purpose of Thesis 
The objective of the present work is to develop a simple and versatile processes 
allowing the preparation of fluorinated macromolecular compounds having variable 
fluorine content and distribution along the chain. So for this purpose different types 
of polymerization methods such as free radical polymerization (FRP), atom transfer 
radical polymerization (ATRP) and condensation polymerization were used. In the 
first part of the study the purpose is to prepare chain-end fluorinated polymers and to 
investigate the effect of this fluorine group to the polymer surface and thermal 
properties. For this, a novel fluorinated ATRP initiator was synthesized and used for 
the polymerization of styrene and methylmethacrylate. The efficiency of the 
synthesized initiator is evaluated and discussed on the basis of the molecular weight 
and polydispersity of the polymers. The second objective of this thesis is to better 
understand the correlation between surface properties and polymer composition. The 
work in this part will be concentrated on the investigation of the molecular origin of 
the surface tension of partially fluorinated polymers. Therefore, polymers were 
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investigated with the same polymethylmethacrylate backbone but with different ratio 
of perfluoro aromatic side group. In addition to the study of the molecular nature of 
the surface tension of partially fluorinated pMMA, the third objective of the present 
study will be the exploration of novel coatings systems following the strategy of 
surface enrichment with fluorinated species. In such systems, the fluorinated species 
will migrate to the coating-air interface to give a fluorine-rich topcoat, introducing 
the exceptional surface properties of expensive fluoropolymers to less expensive 
bulk materials [4]. 
1.2 Literature Review 
Introducing a fluorinated component, into a polymer chain is known to reduce both 
the overall surface free energy and the coefficient of friction of the system 
particularly, when the polymeric structure, the physico-chemical properties of the 
material and the type of fabrication, contribute to magnify this effect [5, 6]. These 
polymers are applied to a variety of surfaces and manufactured into thin films. The 
capability to molecularly engineer such heterophase structures has resulted in a 
variety of additional materials with technological promise. Novel copolymers 
consisting of both a fluorocarbon and a hydrocarbon segment have been synthesized 
in the DeSimone group earlier [7]. Because of their wide property range, clarity, and 
resistance to degradation by environmental effects, acrylic polymers such as 
polymethymethacrylate are used in an astounding variety of applications ranging 
from very soft adhesive materials to rigid nonfilm forming products. Traditionally, 
these acrylic polymers were prepared by conventional free radical polymerization. 
Except for a few monomers (e.g., fluorinated oxetanes, oxazolines, and vinyl ethers 
that bear a fluorinated side group that currently homopolymerize cationically, or 
hexafluoropropylene oxide and R-trifluoromethacrylic acid that polymerize under 
anionic conditions), most fluoropolymers are also synthesized from conventional 
radical methods of polymerization [8-13]. The extensive use of free radical 
polymerization in practice is well understood when considering (i) the ease of the 
process, (ii) the soft processable conditions of vacuum and temperature, (iii) the fact 
that reactants do not need to be highly pure as in the cases of cationic or anioninc 
polymerizations, and (iv) the absence of residual catalyst in the final products. Thus, 
it can be easily understood that more than 50% of all plastics have been produced 
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industrially via radical polymerization and more than 95% of fluoropolymers are 
prepared this way [14]. Living/controlled polymerizations of fluorinated monomers 
are essential to the design and practical synthesis of fluorinated polymers with well 
defined architectures. Several methods of living/controlled radical polymerization 
have been developed in the past decade.  ATRP has become a powerful tool for 
academic as well as industrial polymer chemists, allowing efficient synthesis of 
novel, tailor-made materials [15, 16]. One of the most attractive features of ATRP is 
the preparation of many new functional polymers with novel and controlled 
compositions and topologies for structure-property relationship and the better design 
of novel materials for special applications. This method is especially well suited for 
that purpose as a result of facile conditions, a multitude of polymerizable monomers, 
and accessible chain functionalities. Most fluorinated block copolymers with well-
defined structures applied for generation of low-energy surfaces are either 
polystyrene based and initially prepared by living anionic polymerization or poly 
(ethylene oxide) and poly(per-fluoroalkyl methacrylate) synthesized by atom transfer 
radical polymerization (ATRP) [17-24]. ATRP using fluorine-functionalized 
initiators is a convenient procedure for the synthesis of chain-endfunctionalized 
polymers with fluorine groups [25-31]. Destarac et al.[26] synthesized several 
interesting polymers chain-end-functionalized with fluorine groups by Cu-mediated 
ATRP initiated with CCl3-terminated vinylidene fluoride (VF) telomers. Similarly, 
CCl3-terminated co-telomer of VF and hexafluoropropylene was used as an initiator 
in the ATRP of MMA [27]. 2-Perfluoroalkyl ethyl 2-bromoisobutyrate, its 
derivatives, and (perfluorononenyloxy)benzenesulfonyl chloride are also suitable 
initiators for the same synthetic purpose [28-31]. A number of monosubstituted 
styrenes, e.g. 4-fluoro- and 4-trimethylfluorostyrene, or styrenic fluorinated 
monomers have been polymerized by free radical polymerization or ATRP [32-35].  
Also the polymerizability of the fully phenyl fluorinated styrene, 2,3,4,5,6-
pentafluorostyrene (FS), by ATRP [36] was investigated; another brief report on FS 
polymerization by ATRP also exists [37]. The rewarding and fast polymerization of 
FS has been successfully followed by ATRP of 2,3,5,6-tetrafluoro-4-methoxystyrene 
(TFMS) [38, 39]. Most recently, newly synthesized highly fluorinated fluoroalkoxy 
styrene monomers, 2,3,5,6-tetrafluoro-4-(2,2, 3,3,3-pentafluoropropoxy)-styrene and 
2,3,5,6-tetrafluoro- 4-(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoroctaoxy)styrene 
were found to produce polymers capable of forming low surface energy materials 
4 
 
[40]. We recently have reported the synthesis of a new initiator,  3,5 
bis(perfluorobenzyloxy)benzyl 2-bromopropanoate having perfluorinated aromatic 
group and used this initiator to carry out ATRP of styrene and methylmethacrylate 
monomers [41]. The authors of this study has previously found, that pSt and pMMA 
with fluorinated end groups impart high hydrophobic characteristics for the materials 
even at low fluorine content which is just at the end of each polymer chain. Resulting 
chain-end fluorinated polymers exhibit higher hydrophobicity than pure 
polymethylmethacrylate, pMMA, and polystyrene, pSt.  To the best of our 
knowledge, a lot of study is done on the alkylic perfluorinated monomers and their 
copolymers, but there is no study about aromatic-perfluorinated acrylic monomers 
except than the styrenic perfluorinated monomer in the literature [32-34, 42].  Also 
the fluorine can be incorporated into the main polymer chain. Examples using 
fluorinated diols [43-45] and fluorinated alcohols [46]  to prepare polyurethanes have 
been reported.  
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2.  THEORETICAL PART 
2.1 Fluoropolymers 
Fluoropolymers are used in functional coating applications due to their unique 
properties like low coefficient of friction, low surface tension, oil and water 
repellency, nonadhesive nature and antifouling properties along with the added 
advantages like their outstanding thermal and chemical stability in extreme 
conditions [47, 48]. Because of their small size, fluorine atoms can shield a 
fluorinated carbon atom without any steric stress. Fluorine is difficult to polarize. 
This results in low intermolecular force and hence low surface tension of 
fluoropolymers [49]. This is especially advantageous for their applications in surface 
coatings for imparting corrosion protection properties. Oxygen and water are two 
essential ingredients for initiating corrosion and water acts as an electrolyte in 
atmospheric corrosion. Liquid water especially is the most efficient corrosion 
medium due to its electrical conductive nature, ability to dissolve other corrosive 
components in the atmosphere like O2, SO2, etc., and ionic species. Polymers act as 
barrier in the protective coatings. However, polar groups like hydroxyl, ester, amide, 
etc., in conventional polymers result in molecular interaction with moisture leading 
to increased surface condensed water. By minimizing such interactions, wetting of 
the surface can be reduced and protective life of the coatings can be extended. 
Although most of the polymers have critical surface tension less than that of water 
(72×10−3 N/m) and hence are poorly wetted by water, fluoropolymers are known to 
have very low critical surface tension due to the small bond polarization of C-F bond 
[50]. Hence fluoropolymers can hinder water reaching the metallic surface in 
twoways: fluorinated polymers are not wetted by water and secondly the molecular 
absorption of water into these polymers is relatively small, about 15% of the 
conventional films [51].  A number of polymers with perfluorinated parts in the main 
chain or a side chain of acrylates [52], aromatic polyesters [53] and polyurethanes 
[54] have been reported. The lowest surface tensions between 10 and 13 mN/m were 
found if semifluorinated side chains were attached to polymers [55]. In these 
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polymers the internal microphase separation of alkyl and perfluoroalkyl parts of the 
side chains causes the formation of highly ordered surfaces with increased 
concentration of CF3 groups in the top layer. The attachment of fluorinated side 
chain to polymeric backbones has been proven to combine the mechanical stability 
of polymers with the specific surface properties of fluoro compounds. Constitutive 
law of wettability as proposed by Shafrin and Zisman [56] states that in general the 
wettability of organic surfaces is determined by the nature and packing of the surface 
atoms or exposed groups of atoms of the solid and is otherwise independent of the 
nature and arrangement of the underlying atoms and molecules. Number of polymers 
with perfluorinated parts in main and side chains have been developed and 
commercialized worldwide. For low surface energy substances, fluorine is the most 
effective element because of its small atomic radius and its electronegativity, which 
is the largest among all atoms, so that a covalent bond could be formed with carbon 
to generate low surface energy of the surface [57]. This chemical modification leads 
to an increase in the contact angle of water drop, with a maximum value of 
approximately 120o as reported for smooth CF3-terminated surfaces [58-60]. The van 
der Waals force of the fluorine-based hydrophobic coatings against the substrates is 
very weak and hence it is necessary to copolymerize with other monomers to offset 
this drawback. Polymer films are used in a diverse range of applications, and the 
ability to control their surface properties is often desirable. Incorporation of fluorine 
atoms into polymer films, by a variety of methods, [61-67] has been shown to be an 
effective means to reduce the surface energy and hence to produce nonwettable 
surfaces. The incorporation of fluorine into polymers can be achieved by a variety of 
synthetic polymerization techniques [68, 69]. Fluorinated chains can be introduced 
by a variety of linking units and therefore be pendant from the main polymer chain 
[63-67, 70] or, in other cases, the polymer backbone itself can be fluorinated.  
Moreover, polymer architecture can also greatly influence any surfaceactive 
properties as it enables to control the distribution of fluorine atoms within the 
polymer. For instance, the effect of fluorine on the surface energy can be maximized 
when fluorinated monomers are polymerized by free radical polymerization under 
conditions leading to the formation of fluorinated blocks on the terminus of 
hydrocarbon chains. Incorporation of fluorinated moieties in polymers is carried out 
using different methods:  
(1) participation of fluorinated unit in main chain;  
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(2) modification of polymer terminals by fluorinated derivatives; and  
(3) fluorination of polymer side chains.  
When side chain fluorinated polymer block is combined to non-fluorinated block, 
block copolymer is formed. 
2.2 Effect of Fluorination 
The physical properties and chemical reactivity of simple organic molecules are 
dramatically influenced by the progressive substitution of hydrogen atoms with 
fluorine atoms. Obviously, the same effects occur in a polymer chain. An accurate 
description of the nature of the C-F bond is central to understanding the various 
effects brought about by fluorination. Although this entails a highly specialized 
approach,[71] it is interesting to note that many characteristics of fluorination may 
readily be predicted by comparing some fundamental atomic properties of F with 
those of other elements (Table 2.1). 
Table 2.1 : Atomic Properties. 
 
 
 
 
aχp : Pauling electronegativity, IP, first ionization potential 
αv, : Atomic polarizability 
rvdW : Van der Waals radius 
2.3 C-F and C-C Bonds 
Fluorine is the most electronegative element and, simultaneously, the first member of 
the halogen group. The normal bond arrangement for the atoms belonging to this 
group provides for the presence of an interatomic σ bond and three electron cone 
pairs. However, because F is the smallest halogen and simultaneously the most 
electronegative element, the three electron pairs will be (i) strongly bonded to the 
nucleus and the energy of the associated electrons will be particularly low when 
compared with that of the higher homologues. When considering the effect caused by 
Atom χpa IP (kcal mol -1)a αv (Ao3)b r vdW (Ao)c 
H 2.20 313.6 0.667 1.20 
F 3.98 401.6 0.557 1.47 
Cl 3.16 299.0 2.18 1.75 
Br 2.96 272.4 3.05 1.85 
I 2.66 241.2 4.70 1.98 
C 2.55 240.5 1.76 1.70 
N 3.04 335.1 1.10 1.55 
O 3.44 314.0 0.82 1.52 
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fluorine as a substituent in organic molecules, it should not be forgotten that both 
carbon and fluorine belong to the same period. As a result there will be (ii) an 
excellent energy match between the orbitals (2s, 2p) of C and the orbitals (2s, 2p) of 
F. Finally, the extreme electronegativity of F ensures that this element always exerts 
an electron attracting force relative to C, such that (iii) the interatomic bond is always 
strongly polarized. The C-F bond will accordingly have a partial ionic nature, which 
strengthens it relative to any C-X bond. The precise nature of the C-F bond, while 
determined by the three factors stated above, is still the subject of considerable study 
and controversy [71]. 
 
Figure 2.1 : C-F Bond. 
The effect of fluorination on the strength of the C-F bond (D°(C-F)) in the series of 
fluorinated methanes is a typical example, ranging from 109.9 kcal mol-1 for CH3F 
right up to 130.5 kcal mol-1 for CF4. To explain this degree of variation, various 
authors have postulated a bond arrangement entailing a stabilizing effect (2 in Figure 
2.2) due to back-donation (3 in Figure 2.2) of the electron density from an Fpπ cone 
pair into the σC-F antibonding orbital [72]. This phenomenon, known as negative 
hyperconjugation, certainly applies to C-F bonds adjacent to some functional groups. 
One example of particular interest in this context is provided by the fluorinated 
olefins [73].  Nevertheless, for  fluoroalkanes, Wiberg and Rablen[74] consider that 
the strength of the C-F bond may be explained only on the basis of the electrostatic 
effects due to the electronegativity of F. The same effects are responsible for the 
increase in the strength of the C-C bond in the series of fluorinated ethanes. The CF3-
CF3 bond is, in fact, stronger than the CH3-CH3 bond by approximately 10 kcal mol-
[75].  
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Figure 2.2 : Orientation of C-F Bond. 
Similarly, the strength of the C-C bond of PTFE is about 8kcal mol-1 higher than that 
of PE [76]. When branching is present, the D°(C-C) value of perfluoroalkanes may 
vary substantially because of factors resulting from steric hindrance. Although the 
van der Waals radii of the H atom and F atom do not differ markedly, the same 
cannot be said for the CH3- and CF3- groups. In fact, the equivalent hemisphere 
volumes are 16.8 oA3 for the CH3 group and 42.6A oA3 for the CF3 group [77]. On 
this basis, it has been suggested that the steric influence of the CF3 group is similar to 
that of an isopropyl group. Vicinal CF3 groups may thus considerably reduce the 
strength of the C-C bond in branched perfluoroalkanes [78]. One practical 
consequence is that, when designing the molecular architecture of fluorinated 
polymers and especially perfluorinated polymers, the greatest possible care must be 
taken to avoid microstructural arrangements which increase steric hindrance around 
the C-C bond in the main chain. 
Finally, it is worth remembering that various hybridization schemes, based on 
valence-bond theory, have often been used to explain the geometry and structure of  
fluorinated molecules. The result of these efforts is known as the Bent-Walsh rule 
[71]. The electronegativity of substituent F forces the C atom to enter into a 
rehybridization in which the orbital involved in the C-F bond always has the 
maximum possible 2p nature. The same structural and bond effects may also be 
explained on the basis of theories of second-order perturbation of the molecular 
orbitals involved in the C-F bond and on the basis of the phenomenon of back-
donation of electrons into the σ* C-F orbital [79].  Significant examples are provided 
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by the phenomenon of pyramidalization of the fluorinated carbon radicals and the 
strength of the p component of the double bond in the series of fluorinated ethylenes. 
2.4 Fluorine Containing Coatings 
Fluorine-containing materials are not only used as engineering plastics and high-tech 
elastomers, but also find considerable application in the coatings industry because of 
their interesting properties like water and oil repellency, low coefficient of friction, 
and chemical resistance [4]. Fluorine-containing coatings can be divided into two 
classes coatings based on thermoplastic binders and coatings based on thermosetting 
binders [9]. Examples of thermoplastic binders are poly(vinyl fluoride) (e.g. Tedlar 
from DuPont), poly(vinylidene fluoride) (e.g. Kynar from Atochem), and 
poly(tetrafluoroethylene) (e.g. Teflon from DuPont). The fluorine content and its 
distribution along the chain of these polymers determine the properties of these 
materials. In general, the higher the fluorine content, the larger the chemical and 
thermal stability, the solvent resistance, and the better the weatherability. 
Perfluorinated homopolymers are insoluble in common organic solvents, which 
renders them intractable materials. This problem can partially be solved by 
copolymerization of perfluorinated monomers with conventional, nonfluorinated 
monomers. Two main groups of thermosetting materials can be distinguished. The 
first group is Lumiflon from Asahi Glass Co, which can be considered as alternating 
copolymers of chlorotrifluoroethylene and various modified vinyl ethers. These 
modified vinyl ethers introduce functional groups into the polymers, which improve 
the properties of the coatings. For instance, the introduction of an acid-functionalized 
ether makes the resin more compatible with pigments and at the same time provides 
the resin reactivity for adhesion at the substrate, whereas hydroxy-functionalized 
vinyl ethers introduce crosslinkable groups for network formation. The second major 
type of fluorine-containing thermosetting binders is Fluorobase from Ausimont. 
Fluorobase resins are functional derivatives of perfluoropolyethers available in a 
range of molecular weights (1000 < Mn < 4000 g/mol). However, the synthesis and 
high costs of these fluorinated bulk materials and the additional intrinsic processing 
problems have limited their application to niche segments of the market. 
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2.5 Conventional Free Radical Polymerization 
Conventional free radical polymerization (RP) has many advantages. The procedure 
can be used for the (co)polymerization of a very large range of vinyl monomers 
under undemanding conditions; requiring the absence of oxygen, but tolerant to 
water, and can be conducted over a large temperature range (-80 to 250 oC) [80]. This 
is why nearly 50% of all commercial synthetic polymers are prepared using radical 
chemistry providing a spectrum of materials for a range of markets. Many additional 
vinyl monomers can be copolymerized via a radical route leading to an infinite 
number of copolymers with properties dependent on the proportion of incorporated 
comonomers [81]. Free-radical polymerization is amenable to polymerizing a wide 
library of monomers, including those containing functional groups, compared to 
traditional ionic polymerizations [82]. Free-radical polymerizations can be divided 
into three main steps: initiation, propagation, and termination, shown schematically 
in Figure 2.3.  
 
Figure 2.3 : The reaction steps associated with conventional free-radical       
polymerization. 
Figure shows the reaction steps associated with conventional free-radical 
polymerization. I represents the initiator, R● represents a radical generated by either 
thermal or photo decomposition of I, M represents a monomer unit, M● represents a 
monomer radical, and Pn ● represents a polymer radical after the subsequent n 
monomer additions. Free radicals are generated through the initiation step, which 
usually involves the photo- or thermal decomposition of an initiator into a pair of 
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radicals [83]. Common free-radical initiators include benzoyl peroxide (BPO) and 
azobisisobutyronitrile (AIBN). 2,3 Monomers then subsequently add to these radicals 
during the propagation step. Finally, the polymer chains stop growing via 
termination. Two possible termination pathways are possible, combination and 
disproportionation. Both of these processes involve the presence of two polymer 
radicals. During combination, two polymer radicals couple together, resulting in a 
polymer chain whose length is a sum of the two coupled polymers. 
Disproportionation results when the hydrogen that is on the carbon next to one  of the 
radical centers transfers to another radical center [83]. This process results in one of 
the polymer chains with a saturated chain end and the other with an unsaturated 
chain end (i.e., a double bond). Disproportionation is by far the more common 
termination pathway [83]. Two key aspects of conventional free-radical 
polymerization affect the molecular weight distribution of the resulting polymers. 
First, the rate of initiation is typically much slower than the rate of propagation[83]. 
Additionally, the rate of termination is comparable to the rate of initiation throughout 
most of the polymerization [84]. As such, polymer chains are initiated and terminated 
throughout the polymerization. Assuming that termination occurs via 
disproportionation, polymers generated from conventional free-radical 
polymerizations thus have molecular weights characterized by the most probable  
distribution [83]. The polydispersities (PDIs) of these polymers are given by the 
following equation [83]: 
 
where Mw is the weight-average molecular weight of the polymer, Mn is its 
numberaverage molecular weight, and p is the fraction of monomer units reacted. 
The PDIs of polymers synthesized by conventional free-radical polymerizations thus 
approach 2 at high conversions. Consequently, the main limitation to conventional 
free-radical polymerization is the formation of polymers with PDIs approaching 2. 
The major limitation of RP is poor control over some of the key structural elements 
that allow the preparation of well defined macromolecular architectures such as 
molecular weight (MW), polydispersity, end functionality, chain architecture and 
composition. 
    1 	 
 
(2.1) 
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2.6 Free Radical Copolymerization 
The mechanism of free radical copolymerization, similar to any radical 
polymerization [85]. Some observations are relevant to the consideration of 
copolymerization kinetics are; 
• The number of reactions involved in copolymerization of two or more monomers 
increases geometrically with the number of monomers. Consequently, the 
propagation step in the copolymerization of two monomers involves four reactions. 
• The number of radicals to be considered equals the number of monomers. The 
terminal monomer unit in a growing chain determines almost exclusively the reaction 
characteristics; the nature of the preceding monomers has no significant influence on 
the reaction path. 
• There are two radicals in the copolymerization of two monomers. Consequently, 
three termination steps need to be considered. 
• The composition and structure of the resulting copolymer are determined by the 
relative rates of the different chain propagation reactions. 
By designating the two monomers as M1 and M2 and their corresponding chain 
radicals as M1· and M2·, the four propagation reactions and the associated rate 
equations in the copolymerization of two monomers may be written as follows [85]: 
 
 
Here the first subscript in the rate constant refers to the reacting radical, while the 
second subscript designates the monomer. Now, it is reasonable to assume that at 
steady state, the concentrations of M1· and M2· remain constant. This implies that the 
rates of generation and consumption of these radicals are equal. It follows therefore 
 
 
 
 
 
(2.2) 
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that the rate of conversion of M1· to M2· necessarily equals that of conversion of M2· 
to M1·. Thus from equation 2.2 [85]; 
 
  
(2.3) 
 
The rates of disappearance of monomers M1 and M2 are given by 
 
 
 
 
(2.4) 
 
 
By using Equation 2.3, one of the radicals can be eliminated. By dividing Equation 
2.4 by Equation 2.5 we obtain: 
 
 
 
(2.6) 
 
where r1 and r2are monomer reactivity ratios defined by 
 
 
(2.7) 
 
Equation 2.6 is the copolymer equation. Let F1 and F2 represent the mole fractions of 
monomers M1 and M2 in the increment of polymer formed at any instant during the 
polymerization process, then 
 
 
(2.8) 
 
 
 
 
 
 
 
(2.5) 
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Similarly, representing the mole functions of unreacted M1 and M2 in the monomer 
feed by f1 and f2, then 
 
 
(2.9) 
 
Substitution of Equations 2.8 and 2.9 in Equation 2.6 yields: 
 
 
 
(2.10) 
 
2.7 Types of Copolymerization 
By definition, r1 and r2 represent the relative preference of a given radical that is 
adding its own monomer to the other monomer. The physical significance of 
Equation 2.10 can be illustrated by considering the product of the reactivity ratios, 
 
 
(2.11) 
 
 
The quantity r1r2 represents the ratio of the product of the rate constants for the 
reaction of a radical with its own kind of monomer to the product of the rate 
constants for the cross-reactions. Copolymerization may therefore be classified into 
three categories depending on whether the quantity r1r2 is unity, less than unity, or 
greater than unity. 
2.7.1 Ideal copolymerization (r1r2=1) 
 
 
(2.12) 
 
 
In this case the copolymer equation reduces to 
 
 
 
(2.13) 
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(2.14) 
 
 
It is evident that for ideal copolymerization, each radical displays the same 
preference for adding one monomer over the other. Also, the end group on the 
growing chain does not influence the rate of addition. For the ideal copolymer, the 
probability of the occurrence of an M1 unit immediately following an M2 unit is the 
same as locating an M1 unit after another M1 unit. Therefore, the sequence of 
monomer units in an ideal copolymer is necessarily random. The relative amounts of 
the monomer units in the chain are determined by the reactivities of the monomer 
and the feed composition. To illustrate this, we note that the requirement that r1r2= 1 
can be satisfied under two conditions: 
Case 1: r1> 1 and r2< 1 or r1< 1 and r2> 1. In this case, one of the monomers is more 
reactive than the other toward the propagating species. Consequently, the copolymer 
will contain a greater proportion of the more reactive monomer in the random 
sequence of monomer units. An important practical consequence of ideal 
copolymerization is that increasing difficulty is experienced in the production of 
copolymers with significant quantities of both monomers as the difference in 
reactivities of the two monomers increases. 
Case 2: r1= r2= 1. Under these conditions, the growing radicals cannot distinguish 
between the two monomers. The composition of the copolymer is the same as that of 
the feed and as we said above, the monomers are arranged randomly along the chain. 
The copolymer equation becomes: 
 
 
(2.15) 
 
 
2.7.2 Alternating copolymerization (r1=r2=0) 
When r1= r2= 0 (or r1r2= 0), each radical reacts exclusively with the other monomer; 
that is neither radical can regenerate itself. Consequently, the monomer units are 
arranged alternately along the chain irrespective of the feed composition. In this case 
the copolymer reduces to: 
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(2.16) 
 
 
or  F1= 0.5 
 
Polymerization continues until one of the monomers is used up and then stops. 
Perfect alternation occurs when both r1 and r2 are zero. As the quantity r1r2 
approaches zero, there is an increasing tendency toward alternation. This has 
practical significance because it enhances the possibility of producing polymers with 
appreciable amounts of both monomers from a wider range of feed compositions. 
2.7.3 Block copolymerization (r1 > 1, r2 > 1) 
If r1 and r2 are both greater than unity, then each radical would prefer adding its own 
monomer. The addition of the same type of monomer would continue successively 
until there is a chance addition of the other type of monomer and the sequence of this 
monomer is added repeatedly. Thus the resulting polymer is a block copolymer. In 
the extreme case of this type of polymerization (r1= r2= ∞) both monomers undergo 
simultaneous and independent homopolymerization; however, there are no known 
cases of this type of polymerization. Even though cases exist where r1r2 approaches 1 
(r1r2= 1), there are no established cases where r1r2 > 1. Indeed, the product r1r2 is 
almost always less than unity.  
2.8 Controlled/Living Free Radical Polymerization 
It is possible to control the resulting molecular weights and molecular weight 
distributions in free-radical polymerizations if the initiation rate can be increased and 
the termination reactions suppressed [84]. This type of polymerization is referred to 
as a controlled free-radical polymerization. Like conventional free-radical 
polymerization, controlled free-radical polymerization also consists of initiation, 
propagation, and termination steps. The main difference between conventional and 
controlled free-radical polymerization is that, during controlled free-radical 
polymerization, an equilibrium exists during propagation in which the polymer 
radicals switch between active and dormant states [84]. Figure 2.4 depicts these steps. 
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Figure 2.4 : The reaction steps associated with controlled free-radical 
polymerization [81]. 
I represents the initiator, R· represents a radical generated by either thermal or photo 
decomposition of I, M represents a monomer unit, M· represents a monomer radical, 
Pn· represents a polymer radical after the subsequent n monomer additions, and X 
represents a protective group that acts as a radical capping agent and reduces the 
concentration of free radicals during polymerization. In the polymer’s active state, 
the radical on the polymer chain end is exposed and is capable of undergoing 
monomer addition through a conventional free-radical propagation mechanism. In 
the dormant state, the polymer radical is capped with a protective end-group that 
prevents both propagation and termination reactions. In order to maintain control 
over the molecular weight and the molecular weight distribution, this equilibrium 
must favor the dormant polymer species in solution [84]. As such, the concentration 
of free radicals in solution is significantly reduced, suppressing termination reactions 
while still allowing for polymer growth during the short time the polymer radicals 
are exposed. Living polymerization was first defined by Szwarc [86] as a chain 
growth process without chain breaking reactions (transfer and termination). Such a 
polymerization provides end-group control and enables the synthesis of block 
copolymers by sequential monomer addition. However, it does not necessarily 
provide polymers with MW control and narrow molecular weight distribution 
(MWD). Additional prerequisites to achieve these goals include that the initiator 
should be consumed at the early stages of polymerization and that the rate of 
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initiation and the rate of exchange between species of various reactivity should be at 
least as fast as propagation [87, 88]. It has been suggested to use the term controlled 
polymerization if these additional criteria are met [89]. This term was proposed for 
systems, which provide control of MW and MWD but in which chain breaking 
reactions continue to occur, as in RP. However, the term controlled does not specify 
which features are controlled and which are not controlled. Another option would be 
to use the term ‘living’ polymerization (with quotation marks) or apparently living 
which could indicate a process of preparing well-defined polymers under conditions 
in which chain breaking reactions undoubtedly occur, as in radical or carbocationic 
polymerization [90]. The term controlled/living could also describe the essence of 
these systems [89] and will be used in this chapter as we discuss in detail the 
polymerization procedures that have been developed for control over radical 
copolymerization of vinyl monomers. Well-defined polymers with precisely 
controlled structural parameters are accessible through living ionic polymerization 
processes, however, ionic living polymerization requires stringent process conditions 
and the procedures are limited to a relatively small number of monomers [91-93]. 
Therefore, it remained desirable to prepare, by free radical means which are more 
practical for industrial manufacturing procedures, new well-defined block and graft 
copolymers, materials with star, comb and network topology, end-functional 
polymers and many other materials prepared under mild conditions, from a larger 
range of monomers, than available for ionic living polymerizations [94]. Control over 
the molecular weight and functionality obtained by LRP has also allowed for the 
synthesis of numerous materials with many novel topologies [95]. With the exception 
of linear polymers, architectural differences lie in branched structures with regard to 
the number of branches and their relative placement in the macromolecule [96-98]. 
Non-linear polymers (Figure 2.5) such as star polymers,[99] [100] cylindrical brush 
polymers,[101] hyperbranched polymers [102] and cross-linked networks [103] have 
received both academic and industrial attention because they are shown to have 
unique properties such as high solubility, low viscosity and other improved 
rheological properties as well as flow characteristics [104]. 
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Figure 2.5 : Some examples of non-linear macromolecules with various 
topologies[98]. 
The concept of living radical polymerization was first discussed by Otsu [105] but 
did not come to the forefront of scientific scrutiny until after the publishing of the 
influential work of Georges [106] in 1993 who had built upon the earlier work of 
Rizzardo [107]. Georges pointed out to the scientific community that controlled 
radical polymerization was feasible. This is one reason why since 1995 we have 
witnessed a real explosion of academic and industrial research on controlled/living 
radical polymerizations (CRP) with over five thousand papers and hundreds of 
patents devoted to disclosing, and improving the various types of CRP discussed in 
this chapter, and to developing an understanding of the implications of molecular 
structure on material properties. In all of the CRP processes developed to date there 
is a low occurrence of side reactions (e.g., termination or chain transfer) due to 
creation of a dynamic equilibrium between a dormant species present in large excess 
and a low concentration of active radical sites. By reducing the instantaneous 
concentration of active radicals, and hence the number of side reactions, 
polymerization is able to proceed in a controlled manner. This results in the 
formation of (co)polymers having predictable MW and controllable MWD with MW 
increasing as a function of time in a batch polymerization process, all the while 
maintaining a narrow MWD. CRP is also able to produce materials with well-defined 
block lengths, complex architecture, and functionalized chain ends.  
Three main types of controlled free-radical polymerizations have evolved nitroxide-
mediated polymerization (NMP) [108], reversible addition-fragmentation chain 
transfer polymerization (RAFT) [109], and atom transfer radical polymerization 
(ATRP) [15].  
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Of these, ATRP is the most straightforward, allowing for the synthesis of a variety of 
polymers using commercially-available reagents. ATRP is used, described in greater 
detail below, to synthesize some of polymers used in this study. 
2.9 Atom Transfer Radical Polymerization 
ATRP is a controlled free-radical polymerization technique that enables the synthesis 
of polymers containing plenty of chemical functionalities with narrow molecular 
weight distributions [81, 110]. A key feature of ATRP that enables the creation of 
welldefined, near-monodisperse polymers is its use of a transition metal complex to 
establish an equilibrium between the growing polymer’s active and dormant states. 
This equilibrium is catalyzed by a transition metal-ligand complex. 
 
Figure 2.6 : General Mechanism of ATRP. 
A general mechanism for ATRP is shown in Figure 2.6 [111]. The homolytic 
cleavage of the alkyl (pseudo) halogen bond of (PnX) by transition metal complex in 
the lower oxidation state (MtmLz) generates an alkyl radical (Pn·) and a transition 
metal complex in the higher oxidation state (X Mtm+1Lz). The formed radical can 
initiate the polymerization through addition across the double bond of a vinyl 
monomer, promote the propagation and induce the termination by either coupling or 
disproportionation reactions, or can be reversibly deactivated by the transition metal 
complex in the higher oxidation state. The formation of radicals during the ATRP 
process is reversible. Metal-ligand complex acts as a radical capping agent, only 
exposing the radicals for short periods of time. By keeping the radical concentration 
low during the polymerization, the probability of termination reactions is greatly 
reduced. As the rate of termination tends towards zero, the resulting polydispersities 
of the polymers approach the limit of 1, meaning that all the chains are of uniform 
length. A variety of transition metals have been investigated to form the metal-ligand 
complex that catalyzes ATRP, including molybdenum, chromium, ruthenium, iron, 
palladium, and copper [112, 113].  
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By far the most common transition metal sources are copper halides (e.g., Cu(I)Br 
and Cu(I)Cl) due to their versatility and low cost [15, 113]. The activity of the copper 
halides can be manipulated through the choice of nitrogen-containing ligand, many 
of which are commercially available [113, 114]. The choice of ligand thus has a 
significant effect on the equilibrium concentration of radicals present during 
polymerization. The choice of copper halide also affects the radical concentration. 
Because the C-Cl bond is stronger than the C-Br bond, the equilibrium is shifted 
towards the dormant polymer state when Cu(I)Cl is used, as opposed to Cu(I)Br 
[115]. As such, the equilibrium radical concentration is lower at any given point 
during the reaction, resulting in a slower propagation rate and often a narrower 
molecular weight distribution of the resulting polymer [15, 115]. Because ATRP 
polymerizations are typically much faster in polar than in nonpolar solvents,[115]  
Cu(I)Cl can be used to slow propagation during the synthesis. ATRP is 
predominately initiated by alkyl halides, requiring one initiator per growing polymer 
chain [84, 112]. Typically, alkyl bromides initiate faster than alkyl chlorides because 
of the weaker bond strength of C-Br compared to C-Cl [116]. As such, alkyl bromide 
initiators are used in this study. In general, it has been observed that the initiation rate 
of alkyl bromides is faster than the propagation rate of structurally similar monomers 
[84]. 
2.9.1  Monomers 
A variety of monomers have been successfully polymerized using ATRP: styrenes, 
(meth)acrylates, (meth)acrylamides, dienes, and acrylonitrile, which contain 
substituents that can stabilize the propagating radicals [113]. Each monomer has its 
own equilibrium constant, Keq, which determined the polymerization rate in ATRP. 
In fact, all vinyl monomers are susceptible to ATRP except for a few exceptions. 
Notable exceptions are unprotected acids (e.g. (meth)acrylic acid). Some other 
monomers may be difficult to polymerize since they exhibit side reactions, which 
may be affected by the choice of reaction conditions, nature of the catalyst, etc. An 
example of such a monomer is 4-vinyl pyridine (4-VP), which can undergo 
quaternization by the (alkyl halide) initiator [117]. The most common monomers in 
the order of their decreasing ATRP reactivity are methacrylates, acrylonitrile, 
styrenes, acrylates, (meth)acrylamides. 
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2.9.2 Initiators 
Organic halides having a labile carbon-halogen bond are the most successfully 
employed initiators in ATRP. In general, these organic halides possess electron 
withdrawing groups and/or atoms such as carbonyl, aryl, cyano, or halogens at α- 
carbon to stabilize the generated free radicals. The common way to initiate is via the 
reaction of an activated (alkyl) halide with the transition-metal complex in its lower 
oxidation state. To obtain well-defined polymers with narrow molecular weight 
distributions, the halide group, X, should rapidly and selectively migrate between the 
growing chain and the transition metal complex. Thus far, when X is either bromine 
or chlorine, the molecular weight control is best. Iodine works well for acrylate 
polymerizations in copper-mediated ATRP and has been found to lead to controlled 
polymerization of styrene in ruthenium and ruthenium-based ATRP [118-120]. The 
carbon–fluorine bond strength is too strong for the fast activation–deactivation cycle 
with atom transfer. To obtain similar reactivity of the carbon-halogen bond in the 
initiator and the dormant polymer end, the structure of the alkyl group, R, of the 
initiator should be similar to the structure of the dormant polymer end. Typical 
examples would be the use of ethyl 2-bromoisobutyrate and a Cu(I) complex for the 
initiation of a methacrylate polymerization [121], or 1-phenylethyl chloride for the 
initiation of a styrene polymerization [122]. In addition, there are initiators like 2,2,2- 
trichloro-ethanol [123]. that appear to be very efficient, and that result in 
hydroxyfunctional polymer chains. Percec and co-workers reported the use of 
sulfonyl chlorides as universal initiators in ATRP [124]. Also the use of di-, tri-, or 
multifunctional initiators is possible, which will result in polymers growing in two, 
three, or more directions. Besides, some pseudohalogens, specifically thiocyanates 
and thiocarbamates, have been used successfully in the polymerization of acrylates 
[125]. The alternative way to initiate ATRP is via a conventional free-radical 
initiator, which is used in conjunction with a transition-metal complex in its higher 
oxidation state. Typically one would use AIBN in conjunction with a Cu(II) 
complex. Upon formation of the primary radicals and/or their adducts with a 
monomer unit, the Cu(II) complex very efficiently transfers a halogen to this newly 
formed chain. In doing so the copper complex is reduced, and the active chain is 
deactivated. This alternative way of initiation was termed “reverse ATRP” [126]. 
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2.9.3 Catalyst  
Perhaps the most important component of ATRP is the catalyst. It is the key to 
ATRP since it determines the position of the atom transfer equilibrium and the 
dynamics of exchange between the dormant and active species. There are several 
prerequisites for an efficient transition metal catalyst. First, the catalyst should react 
with initiator fast and quantitatively to ensure that all the polymer chains start to add 
monomer at the same time. Second, the catalyst must have moderate redox potential 
to ensure an appropriate equilibrium between dormant and active species. In general, 
a low redox potential of the catalyst leads to formation of the high Cu(II) 
concentration (equilibrium is shifted toward transient radicals). Consequently, a fast 
and uncontrolled polymerization is observed. In contrast, high redox potential 
strongly suppresses Cu(II) formation (equilibrium is shifted toward dormant species) 
via a halogen atom abstraction process leading to very slow polymerization. Third, 
the catalyst should be less sterically hindered, because excessive steric hindrance 
around the metal center of catalyst results in a reduction of the catalyst activity. 
Fourth, a good catalyst should not afford side reactions such as Hoffman elimination, 
β-H abstraction, and oxidation/reduction of radicals [127]. A variety of transition 
metal complexes with various ligands have been studied as ATRP catalysts. The 
majority of work on ATRP has been conducted using copper as the transition metal. 
Apart from copper-based complexes, iron [128], nickel [128], rhenium [120], 
ruthenium [129], rhodium [130, 131], and palladium [132] have been used to some 
extent. A specific Febased catalyst has also been reported to polymerize vinyl acetate 
via an ATRP mechanism [133]. 
2.9.4 Ligands 
The main roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal. It should also 
allow expansion of the coordination sphere and should allow selective atom transfer 
without promoting other reactions. The most common ligands for ATRP systems are 
substituted bipyridines, alkyl pyridylmethanimines and multidentate aliphatic tertiary 
amines such as N,N,N′,N″,N″ pentamethyldiethylenetriamine (PMDETA), and 
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tris[2- (dimethylamino) ethyl]amine (Me6-TREN) [122, 134]. Examples of ligands 
used in copper mediated ATRP are illustrated in Figure 2.7.  
 
Figure 2.7 : Structures of ligands commonly used in copper catalyzed ATRP[135]. 
In addition to those commercial products, it has been demonstrated that 
hexamethyltriethylene tetramine (HMTETA) provides better solubility of the copper 
complexes in organic media and entirely homogeneous reaction conditions [136]. 
Since copper complexes of this new ligand are almost insoluble in water, ATRP 
technique can be employed in preparing poly(acrylate esters) in aqueous suspensions 
[137].  
2.9.5 Solvents  
ATRP can be carried out either in bulk, in solution, or in a heterogeneous system 
(e.g., emulsion, suspension). Common solvents, including nonpolar (toluene, xylene, 
benzene), polar aprotic (diphenyl ether, dimetoxy benzene, anisole, 
N,Ndimethylformamide, ethylene carbonate, acetonitrile), and polar protic (alcohols, 
water), are employed not only for solubilizing the monomers, the produced 
polymers, and the catalyst, but also to achieve the controlled polymerization 
condition. A solvent is sometimes necessary, especially when the polymer is 
insoluble in its monomer (e.g., polyacrylonitrile). ATRP has also been successfully 
carried out under heterogeneous conditions in (mini)emulsion, suspension, or 
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dispersion. Several factors affect the solvent choice. Chain transfer to solvent should 
be minimal. In addition, potential interactions between solvent and the catalytic 
system should be considered. Catalyst poisoning by the solvent (e.g., carboxylic 
acids or phosphine in copper-based ATRP) [83] and solvent-assisted side reactions, 
such as elimination of HX from polystyryl halides, which is more pronounced in a 
polar solvent [138], should be minimized.  
2.10 UV-Curing Technology 
The radiation is limited to types which cause polymerization or curing to occur in a 
predominantly non-thermal manner. The types of radiation and their potential cure 
mechanisms are summarized in Table 2.2 [139]. 
Table 2.2 : Cure Mechanisms. 
Radiation Predominant Primary Cure Mech. 
Electron Beam (EB) Radiation Electronic Excitation and Ionisation 
Ultraviolet (UV) Radiation Electronic Excitation 
Infrared (IR) Radiation Thermal 
Microwave Thermal 
Radio Frequency (RF) Wave Thermal 
 
By any measure, whether it is by volume, number of installations or applications, the 
two major sources of non-thermal radiation are electron beam (EB) and ultraviolet 
(UV). Of these UV curing is far more widely used [139]. UV curing has now been 
established as an alternative curing mechanism to thermal hardening, contrary to the 
past, where it was only considered for the curing on temperature sensitive substrates, 
like wood, paper and plastics. This alternative curing technology uses the energy of 
photons of radiation sources in the short wavelength region of the electromagnetic 
spectrum in order to form reactive species, which trigger a fast chain growth curing 
reaction. Out of the electromagnetic spectrum (shown in Figure 2.8 is the range from 
the nearinfrared (NIR), over visible and ultraviolet (UV) to electron beams and X-
ray) the UV region, further classified into UV-A, UV-B, and UV-C radiation, is 
mainly used for this technology [140]. 
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Figure 2.8 : Electromagnetic energy spectrum. 
From the spectrum of usable radiation energy sources, UV technology is by far the 
most common one. From the higher energy radiation sources, e-beam technology has 
been widely explored for coatings technologies. It is still the most economical 
technology for industrial applications with very high volumes. However, the high 
safety requirements related to the use of e-beam technology and the high investment 
costs hamper the widespread use of this technology. UV curable systems are mainly 
used in clear coat applications, thus posing high demands on the performance of this 
layer; at the surface of the coating it is exposed to attack by mechanical or chemical 
stresses, like scratches, household chemicals ( detergents, red wine, coffee, mustard 
), by air polluents (acids, water, bird excrements) as well as stone chipping or many 
other impacts. The formulations used for radiation curable coatings depend therefore 
on the specific performance requirements and on the application technique. 
The traditional formulations of UV curable coatings are still 100% liquids (or also 
commonly referred to 100% solids, despite used in liquid form, in order to point out 
that they contain no solvents or other volatiles) [140]. However, in the meantime, due 
to the consideration of UV curing as an alternative to thermal hardening, the use of 
small amounts of solvents in order to reduce the viscosity, the formulation of UV 
curable water-based systems and the development of UV powder have been pursued.  
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Figure 2.9 : UV-Curing Process. 
2.10.1 Chemistry of UV-curing  
The UV curing technology is based on the photoinitiated rapid transformation of a 
reactive liquid formulation into a solid coating film. The initiating species may be a 
cation, an anion or a radical. The vast majority of UV curable coatings are based on 
radical producing photoinitiators. The main components of such formulations based 
on radical polymerizations reactions are: 
• Reactive resins containing a plurality of polymerizable double bonds, which govern 
mainly the desired properties of the final coating; 
• Copolymerizable, monomeric diluents, which are responsible for the reduction or 
adjustment of the viscosity of the formulation, a function taken by the solvent in 
conventional formulations; 
• Photoinitiators or a photoinitiating system containing photoinitiator and 
photosensibilizer or coinitiators; and, if necessary, other coating additives, like 
surface active additives, slip additives, fillers, pigments, light stabilizers, etc. 
The chemistry involved in the radical initiated UV induced crosslinking can be 
divided into the three steps, initiation, propagation and termination. Although the 
UV energy applied in photocuring may cleave C–C and C–H bonds, the commonly 
used monomers do not produce sufficient amounts of initiating species, which is due 
to low absorbance and poor cleavage efficiency. Thus, a special photoinitiator is 
usually applied, which is excited and ultimately yields via intersystem crossing, 
accompanied by various deactivation reactions, the formation of a radical species, 
which can initiate radical polymerization. The following polymerization reaction 
follows almost exactly the rules of conventional radical polymerization. Thus, only 
the initiation step is different to thermal initiated radical polymerization. The basic 
principles of photoinitiation, photopolymerization and photocuring are described in 
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detail in a book edited by Fouassier [141]. The light absorption and the following 
processes are commonly pictured in a Jablonski diagram (Figure 2.10). The process 
starts with the absorption of a photon by the photoinitiator molecule, which results in 
excitation of an electron into higher singlet states [142].  
 
Figure 2.10 : Jablonsky-type diagram for photoinduced radical photoinitiation[142]. 
From these excited states, various processes can follow. First, deactivation can 
proceed by radiationless internal conversion and evolution of heat back to the ground 
state or by emission of fluorescence. Second, by intersystem crossing (ISC) an 
electron spin inversion leads to the excited triplet state. The photochemical processes 
which lead to the desired active species (e.g., free radicals) often take place from the 
excited triplet state, where the molecule posses two unpaired electrons, rather than 
from the singlet state. The formation of the reactive species, namely free radicals, 
competes with further deactivation processes, like monomer quenching, oxygen 
quenching and phosphorescence. The direct oxygen quenching of the photoinitiator 
excited states is not very likely in the case of the extremely shortlived triplet states of 
α-cleavable type photoinitiators, but much more pronounced in the hydrogen 
abstraction type owing to the relatively long-lived triplet states[143].  From the triplet 
state two main reactions can lead to initiating species, the intramolecular scission of 
an α-bond, or the intermolecular abstraction of a hydrogen atom. The intramolecular 
scission is the most effective process in the formation of radicals, since the hydrogen 
abstraction is a bimolecular type reaction, which is diffusion controlled and may be 
accompanied by several deactivation reactions. The quantum yield of initiation, 
representing the number of growing chains per photon absorbed reflects the 
importance of the processes leading to initiation over all the indicated processes of 
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deactivation. The efficiency of the photoinitiation is a function of different quantum 
yields, since several side reactions can occur in every step [142]. Thus, the overall 
yield of initiation is a complex function of different quantum yields, represented 
exemplarily in Figure 2.10. Two examples of photoinitators, an alpha type scission 
initiator and a hydrogen abstraction type photoinitiator are shown in Figure 2.11.  
 
Figure 2.11 : Propagation and Transfer [142]. 
Propagation (Figure 2.11) is the key step to very efficient curing, since it is a chain 
reaction where for instance one produced radical can add more than 1000 monomer 
units within a fraction of a second. The steps after the initiation are very similar to 
the normal radical polymerization of monofunctional monomers, which are widely 
used to synthesize thermoplastic polymers, like polyethylenes, polypropylene or 
polystyrenes. The main difference in coating systems is the use of multifunctional 
monomers or oligomers, which leads to the formation of networks. In the 
propagation reaction transfer reactions also often play a significant role, where the 
growing radical chain does not add to another monomer unit, but abstracts hydrogen 
radical from a neighbouring R–H group. The remaining R- radical can then start 
another growing chain, thus leading to the termination of the growing polymer chain, 
but not to the termination of the chain reaction. The reaction of the radicals with 
oxygen does not play a significant role in the polymerizations of linear polymers, 
since they are normally conducted under inert conditions. However, the curing of 
coatings is normally performed under atmospheric conditions, thus, the oxygen 
interference plays a major role. The termination reactions are also manifold (Figure 
2.12). Besides the termination with an initiator radical, several other termination 
reactions play a role, especially the recombination of growing radical species or 
elimination reaction of the chain end.  
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Figure 2.12 : Termination [142]. 
2.10.2 Raw materials for UV-curing process 
2.10.2.1 Resins  
The raw materials used for the formulation of UV coatings consist of low molecular 
weight resins, typically in the molecular weight range of 300–5000 g/mol. The main 
resins types are radically polymerizable unsaturated polyesters, acrylate terminated 
molecules, like polyepoxides, polyesters, polyethers and polyurethanes as well as 
epoxides and vinylethers. Epoxide terminated oligomers and vinyl ethers are cured 
cationically. An overview of the main resin types used in UV curable systems is 
given in Figure 2.13 [144]. By far the most applied resins are the radical 
polymerization type acrylates and unsaturated polyesters, the thiol - ene systems are 
often discussed because of their insensitivity against oxygen inhibition, but yet only 
used in few niche applications [145].  
 
Figure 2.13 : Resin types for UV curing systems. 
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2.10.2.2 Reactive diluents  
Since most of these resins are often too high in viscosity, they are diluted with 
reactive diluents to adjust the application viscosity. Mono- or multifunctional 
acrylates are mainly used as reactive diluents, whereas methacrylates, or non acrylate 
monomers, like styrene, vinyl pyrrolidone, divinyl ethers and few others are less 
frequently applied. Vinyl ethers and monoepoxides are used as reactive diluents in 
cationically curable coatings [144]. As reactive diluents monomers and oligomeric 
acrylates or vinyl ethers are used in order to adjust the application viscosity (Figures 
2.14). Despite the fact that monomers like styrene, N-vinyl pyrrolidone and 
monofunctional esters of acrylic acid, belong to the best diluents, their use is 
decreasing due to their high volatility, strong odour, skin irritation and flammability. 
Since their mono-functionality provides a higher molecular weight between 
crosslink’s or lower crosslink density, which results in a better flexibility, monomers 
with lower volatility and odour, like isobornyl acrylate or trimethylol propane formal 
monoacrylate, have been developed. Multifunctional monomers are available in a 
broad range since they are produced by esterification reactions of acrylic acid with 
polyols; the main representatives are tripropylene glycol diacrylate (TPGDA), 
trimethylolpropane triacrylate (TMPTA), propoxylated glycerol triacrylate (GPTA, 
like OTA480), and hexanediol diacrylate (HDDA). Most of the others have only a 
small market share. Higher functional acrylates such as pentaerythritol tetraacrylate 
(PTA) or dipentaerythritol hexaacrylate (DPHA) are also available, but only used as 
minor ingredients since they increase dramatically the crosslink density resulting 
rapidly in hard but brittle films. Such resins and diluents are commercially available 
from Cytec, BASF, Akcros, Cray Valley/Sartomer and Henkel. Reactive diluents 
used in cationic polymerizing systems are mainly mono- or difunctional epoxides 
and vinyl ethers [144]. 
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Figure 2.14 : Structure of main acrylate reactive diluents. 
2.10.2.3 Photoinitiators 
The photoinitiators are responsible for the effectiveness of the curing reaction. The 
vast majority of used photoinitiators are forming radicals, which add to unsaturated 
double bonds, whereas the cationic photoinitiators upon exposure form a Broensted 
(H+) or Lewis acid, which initiates the cationic polymerization of epoxides or vinyl 
ethers. Photoinitiator free systems rely on the direct formation of radicals upon 
exposure, for example, with electron beams, where σ -bonds are cleaved and radicals 
formed. The donor–acceptor systems form radicals from the excited complex by 
rearrangements. Such systems therefore do not need an external photoinitiator. 
Photoinitiators are molecules that absorb photons upon irradiation with light and 
form reactive species from their excited state, which initiate consecutive reactions. 
The initiating species may be radicals, cations or anions.  
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Figure 2.15 : Some of the most important photoinitiators. 
Radical photoinitiators (Figure 2.15 and Figure 2.16 ), which represent more than 
90% of commercially used initiators, are available in large number from companies 
like Ciba Specialties (trade names Irgacure® and Darocure®), Lamberti (Esacure®), 
BASF (Lucirin®), and many others. Available in smaller number are cationic 
photoinitiators, mainly sulfonium salts, from Union Carbide (Cyracure®), Degussa 
(Degacure®) as well as iodonium salts from General Electric and iron complexes 
from Ciba [144]. 
 
Figure 2.16 : Chemical Formula of Radical Type Photoinitiators [146]. 
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2.10.2.4 Additives 
Besides these essential raw materials of a UV curable formulation, additives, like 
surfactants, defoamers, leveling agents, flow regulators, flexibilizers, pigments 
(mainly in printing inks), UV stabilizers (UV absorbers and HALS type radical 
scavengers), or fillers (clay, calcium carbonate, silica) as well as nanoparticles, 
which are transparent and may provide higher scratch resistance, are used according 
to requirements. 
2.10.3 Formulations for UV-curing process 
Formulations used for radiation curable systems depend on the specific performance 
requirements of the coatings and have to be adjusted to the application techniques 
(e.g., viscosity needs). Typically, formulations for UV curable coatings contain 25- 
90% oligomeric resins, 15–60% reactive diluents, 0.5–8% photoinitiators, 1–5% 
additives, like levelling agents, defoamers, and optionally pigments, fillers and 
matting agents. The application fields are very wide and therefore the requirements 
on the coating properties differ very much. A coarse overview of main applications is 
given in Figure 2.17. From this broad span of applications it is obvious that 
formulations also differ very much in their chemistry and composition[147]. 
Classical applications in wood and paper coating often require highly crosslinked 
coatings for abrasion, scratch and chemical resistant surfaces. 
 
Figure 2.17 : Application overview of uses of UV curable formulations [147]. 
36 
 
2.11 Epoxy Acrylates 
From the resin classes the epoxy acrylates are the biggest on the market, prepared by 
the reaction of epoxides, e.g., Bisphenol-A diglycidylether, with acrylic acid (Figure 
2.18). These Bisphenol-A type acrylated epoxides are the dominant products on the 
market and account for about 70% of all epoxy acrylates used. Phenol-formaldehyde 
resin based (Novolac)-glycidylethers acrylates are used as a speciality in solder film 
resists, because of their high temperature resistance. The epoxy precursors are to a 
lesser extent modified with fatty acids or amines[144].  
 
Figure 2.18 : Synthesis of aromatic epoxy acrylate [144]. 
Similar products to the fatty acid modified epoxies can also be obtained by the 
reaction of epoxidized soybean oil with acrylic acid. Due to the high viscosity of 
especially the Bisphenol-A type epoxy acrylates, they are delivered usually diluted 
with reactive diluents, like hydroxypropyl acrylate, dipropylene glycol diacrylate, 
tripropylene glycol diacrylate or hexanediol diacrylate. Besides these aromatic 
epoxide precursors, more expensive aliphatic epoxy resins play only a minor role in 
the market. The epoxy acrylates are distinguished by a high reactivity and the cured 
coatings exhibit good chemical stability. Main uses are paper coatings and inks as 
well as wood coatings.  
2.11.1 Epoxy resin from bisphenol A 
Bisphenol A or 2,2'bis(p-hydroxyphenyl)propane as shown in Figure 2.19 is 
produced from acetone and phenol with an acid catalyst such as 75% sulphuric acid 
or dry hydrogen chloride acid gas.  
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Figure 2.19 : Synthesis of Bisphenol A. 
The reaction conditions will depend on the design of the production unit [24]. The 
purity of the product is high, >95% p,p'-isomer; the other isomers formed are o,p' and 
o,o'. For resin manufacture the p,p' isomer content should be at least 98%. The light 
yellow colour of some epoxy resins may be due to trace impurities in the bisphenol 
A, such as iron, arsenic and highly coloured organic compounds. Other names for 
bisphenol A are 4,4'-isopropylidene diphenol and diphenylolpropane (DPP).  When a 
large excess of epichlorohydrin is reacted with bisphenol A with a stoichiometric 
amount of sodium hydroxide at about 65°C the resin produced contains about 50% 
diglycidyl ether of bisphenol A  (DGEBA) as shown in Figure 2.20.  
 
 
Figure 2.20 : Diglycidyl ether of bisphenol A. 
 
 
Figure 2.21 : Diglycidyl ether of bisphenol A epoxy resin. 
A range of species is present in any specific reaction product and commercial resins 
are available with 0 < n < 14, and may be higher where n is the average number of 
structure units in the species. A major variable which determines the molecular 
weight distribution and hence the average molecular weight is the ratio of 
epichlorohydrin to bisphenol A, but other reaction conditions will affect the product 
obtained, as will be discussed. For the production of higher molecular weight resins 
the chain extension process is used. Although the commercially produced resins have 
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a distribution of chain lengths it is possible to obtain the DGEBA by molecular 
distillation and it can also be crystallized. Pure DGEBA is a solid which melts at 
43°C. Also in liquid commercial resins that have been stored for prolonged periods 
some crystallization of DGEBA will occur and the resin appears cloudy. Outlines of 
the production process for the manufacture of a low molecular weight resin are given 
by McAdams and Gannon and also Savla and Skeist. Preparative methods are given 
by Sandier and Karo [148]. 
2.12 Polyurethanes 
The polyurethanes are a special group of heterochain polymers, characterised by the 
following structural unit  as shown in Figure 2.22. 
 
Figure 2.22 : Structural unit of polyurethane [149]. 
 
The urethane groups -NH-COO- are esters of carbamic acid, an hypothetically 
unstable (and impossible to obtain under normal conditions) acid [R-NH-COOH]. It 
is possible to synthesis the urethane groups by various methods, but the most 
important one is the reaction between an isocyanate and an alcohol as shown in 
Figure 2.23. 
 
Figure 2.23 : Polyurethane linkage [149]. 
The first urethane was synthesised, by this route, as early as 1849 by Wurtz. In 1937, 
following very systematic and intensive research works at IG Farbenindustrie, in 
Germany, Dr. Otto Bayer synthesised the first polyurethane, by the reaction of a 
diisocyanate with a polyester having two terminal hydroxyl groups (Figure 2.24).  
 
Figure 2.24 : Synthesis of polyurethane. 
39 
 
In fact, Bayer invented a new method for the synthesis of macromolecular 
compounds: the polyaddition reaction, which is a special case of polycondensation, 
with the difference that the reaction product is exclusively the polymer. In the 
classical polycondensation reactions, the products are: the polycondensation polymer 
and a low molecular weight (MW) compound (water, alcohols, and so on). The fact 
that in the polyaddition reactions the product is only the polymer is of great 
technological importance, especially for the purity and the morphology of the 
resulting macromolecular compound. The most important commercial aromatic 
isocyanates are toluenediisocyanate (TDI), diphenylmethane diisocyanate (MDI) and 
naphthalene diisocyanate (NDI), while the important aliphatic isocyanate is 
hexamethylene diisocyanate (HDI) (Figure 2.25). Cycloaliphatic isocyanates of 
industrial importance are isophorone diisocyanate (IPDI) and hydrogenated MDI 
(HMDI). A number of triisocyanates, such as triphenylmethane triisocyanate, are 
used in coatings and adhesives. 
 
 
Figure 2.25 : Some of the important isocyanates [150]. 
2.13 Urethane Acrylates 
Urethane acrylates are simple addition products of multifunctional isocyanates, like 
toluene diisocyanate, hexamethylene diisocyanate, isophorone diisocyanate or their 
condensation products, e.g., isocyanurates, biurets, allophanates, with polyols and 
hydroxyalkyl acrylates, for instance, hydroxyethyl acrylate, hydroxybutyl acrylate or 
pentaerythritol triacrylate. Since the addition reaction proceeds very well, the 
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coatings or ink formulating companies produce a large portion of the urethane 
acrylates captively. However, also a large variety of different urethane acrylate resins 
are available by the raw materials suppliers. The applications are mainly on plastics, 
with the dominant application on PVC floor coverings, wooden parquet, screen inks 
and optical fibres. These applications require good optical properties and non 
yellowing behaviour, thus more than 80% of the used urethane acrylates are based on 
aliphatic isocyanates. Urethane acrylates with low functionality exhibit a high 
flexibility and are often based on flexible polyester or polyether diols, which are 
reacted with bifunctional isocyanates and endcapped with hydroxyalkyl acrylates 
(Figure 2.26) [144]. 
 
Figure 2.26 : Synthesis of Urethane Acrylate. 
Since the viscosity of the urethane acrylates is relatively high, they are often diluted 
with reactive thinners like TPGDA or HDDA. However, if the flexibility of the 
coatings should be increased, rather than using flexible diols, monofunctional 
diluents, like ethylhexyl acrylate, 2-(2-ethoxyethoxy) ethyl acrylate or 
trimethylolpropane-formal-monoacrylate are also used. The higher functional 
urethane acrylates are often used to obtain hard, scratch and chemical resistant 
coatings. Examples of such multifunctional type of urethane acrylate resins are given 
in Figure 2.27 [144].  
 
Figure 2.27 : Multifunctional Urethane Acrylates. 
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Besides the good mechanical properties, these aliphatic type urethane acrylates 
exhibit good weatherability and do not yellow upon exposure to exterior conditions. 
Thus, they are the preferred class of resins for exterior applications. The structure of 
the urethane acrylates can be designed to the required properties by choosing the 
right balance of hard phase and soft phase, by tuning the setscrews molecular weight, 
glass transition temperature and crosslink density (Figure 2.29). The compilation of 
the desired properties of urethane acrylates, however, reveals that the individual 
measures are often diametrically opposed and that a compromise always has to be 
made in order to adjust the most desired properties [144]. 
 
Figure 2.28 : Toolbox to tune the properties of urethane acrylates[144]. 
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3.  EXPERIMENTAL PART 
3.1 Materials and Chemicals 
3.1.1 Monomers 
Methyl methacrylate (MMA, 98%, Fluka): 
It was passed through a basic alumina column to remove the inhibitor before use and 
distilled in vacuo over CaH2 just before use. 
Styrene (St, 99%, Aldrich): 
It was passed through a basic alumina column to remove the inhibitor before use and 
distilled in vacuo over CaH2 just before use. 
Tripropyleneglycol diacrylate (TPGDA, Cytec): 
It was used as received. 
 
Figure 3.1 : Tripropylene Glycol Diacrylate. 
1,6-hexanediol diacrylate (HDDA, Sartomer): 
It is a fast curing monomer. It has a low viscosity, low volatility. It has a 
hydrophobic backbone and good solvency for use in free radical polymerization. It 
was used for lower viscosity and crosslinking in polymerization. It was used as 
received. 
 
Figure 3.2 : 1,6-hexanediol diacrylate. 
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Ebecryl 3703 (epoxyacrylate oligomer, Cytec Chemicals): 
Ebecryl 3703 oligomer is an amine modified Bisphenol A epoxy diacrylate which is 
used in film formulations as reactive resin. It is developed specifically for 
applications where improved flexibility and exceptionally fast cure by exposure to 
ultraviolet light (UV) are desired in combination with the good solvent resistance 
typical of an epoxy resin. It was used as received.  
3.1.2 Solvents 
Acetone (≥99%, Aldrich ): 
It was dried and distilled.  
Ethyl acetate (≥99%, Sigma): 
It was used as received. 
Dichloromethane (DCM, J.T. Baker):  
It was used as received. 
Hexane (≥99%, Sigma): 
It was used as received. 
Toluene (≥99%, Sigma): 
It was dried and distilled.  
Tetrahydrofuran (THF, 99.8%, J.T. Baker):  
It was dried and distilled over benzophenone-Na.  
Ethyl alcohol (J.T. Baker):  
It was used as received. 
Methyl alcohol (≥99%, Sigma):  
It was used as received. 
Anisol (≥99%,Acros) 
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3.1.3 Other chemicals  
N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine (97%, PMDETA, Aldrich): 
It was distilled over NaOH prior to use. 
Copper(I)bromide (98.0%, Sigma-Aldrich):  
It was used as received. 
Anhydrous magnesiumsulfate (99%, Sigma-Aldrich): 
It was used as received. 
2,2’-Azobis(isobutyronitrile) (AIBN, 98%, Aldrich): 
It was recrystallized from ethanol. 
2-Bromopropionyl bromide (97%, Sigma-Aldrich): 
It was used as received. 
Anhydrous potassiumcarbonate (99%, Merck): 
It was used as received. 
Acryloyl chloride (97%, Aldrich):  
It was used as received. 
Anhydrous sodiumsulfate (99%, Sigma-Aldrich): 
It was used as received. 
Triethylamine (99%, Across): 
It was used as received. 
3,5-dihydroxybenzyl alcohol (99%, Sigma-Aldrich): 
It was used as received. 
Pentafluorobenzyl bromide (98%, Alfa Aesar): 
It was used as received. 
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18-crown-6 (99%, Merck): 
It was  used as received. 
Polypropylene glycol (PPG or Lupranol, Elastogran, BASF): 
It was  used as received. 
Dibutyl tin dilaurate (DBTDL, Air Products Co.):  
It was used as received. 
Isophorone diisocyanate (IPDI or Desmodur I ,Bayer) 
It was used as received. 
2-hydroxyethyl methacrylate (HEMA, Laporte Performance Chemicals): 
It was used as received. 
Ebecryl 3703 (epoxyacrylate oligomer, Cytec Chemicals): 
It is a modified Bisphenol A epoxy diacrylate, which is used in film formulations as 
reactive resin and used as received. 
2-Hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173®, Ciba): 
It is a versatile highly efficient liquid photoinitiator which is used to initiate the 
photopolymerization of chemically unsaturated prepolymers - e.g. acrylates - in 
combination with mono- or multifunctional monomers.It was used as received. 
 
Figure 3.3 : Darocur 1173®. 
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3.2 Characterization Methods, Equipment and Analysis 
3.2.1 Infrared analysis (IR) 
FT - IR spectra was obtained on a Nicolet FT-IR iS10 spectrometer in the 4 cm-1 
resolution mode. Sixteen scans were averaged for each sample in the range of 4000-
400 cm-1 at room temperature. 
3.2.2 Nuclear magnetic resonance (NMR) 
1H- NMR and 19F-NMR spectra were determined on Bruker AC spectrometer at 250 
MHz and Varian Inova spectrometer at 500 MHz respectively using deuterated 
chloroform (CDCl3) and deuterated dimethyl sulfoxide (DMSO-d6) as solvent. 
Chemical shifts were reported in ppm from internal TMS (1H -NMR) or from 
internal CFCl3 (19F-NMR).  
3.2.3 Gel permeation chromatography (GPC) 
Gel Permeation Chromatography (GPC) analyses were carried out with a set up 
consisting of the Agilent pump and refractive-index detector and three Agilent Zorbax 
PSM 1000S, 300S and 60S columns (6.2 x 250 mm, 5 micron) measuring in the range 
of 104-106, 3x103-3x105, 5x102-104 respectively. THF was used as the eluent at a flow 
rate of 0,5 ml/min at 30 oC. The molecular weights (MWs) of the polymers were 
calculated with the aid of pSt and pMMA standards. 
3.2.4 Thermal analyses (DSC and TGA) 
The thermal properties of the polymers were measured by differential scanning 
calorimeters (TA, DSC Q10) in a flowing nitrogen atmosphere from 30oC at 
scanning rate of 10 oC/min. Thermo gravimetric analysis samples was performed in a 
TA Q50 instrument under the nitrogen atmosphere at a heating rate of 20 oC / min 
rising from room temperature to 750 oC. The weights of sample are 6-10 mg in all 
cases. Calibration was achieved with indium as reference material. 
3.2.5 Gel content 
Gel content measurements were determined by weighing a cured film sample (m1) 
accurately, and then addition to the Soxhlet extractor with acetone as extraction agent 
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for 8 h. The UV-curable film was dried in a vacuum oven at 40 oC until its weight was 
constant (m2). Gel content of the UV-cured film was calculated by equation below;  
Gel content (%) = (m2/m1) x 100%   where m1 is the weight of the cured film sample; 
m2 is the residual weight of the cured film sample.  
3.2.6 Chemical and solvent resistance 
Chemical and solvent resistant of the UV-cured films were determined by immersion 
into various chemicals and solvents at 25 oC. Weighed samples were kept in various 
solvents for 24 h.  Weight loss: ((ms-md)/md) x 100   where ms and md are weights of a 
swollen and dry sample, respectively. Materials used for chemical resistance: 10% 
NaOH, 10% Acetic acid, and 10% HCl and Materials used for solvent resistance: 
Chloroform, methanol, and xylene. 
3.2.7 Water absorption 
Water absorption measurements of UV-cured samples were carried out in distilled 
water at 25 oC according to ASTM D 570. Weighed samples were kept in water for at 
least 48 h until equilibrium was attained. The water absorption value of UV-cured 
samples was calculated from the ratio of the weight of absorbed water to that of the dry 
polymer, Q = (ws - wd) / wd where ws and wd are weights of a swollen and dry sample, 
respectively.  
3.2.8 Contact angle 
Contact angle measurement tests were applied onto coated plexiglass substrate. The 
static contact angle (sessile drop), θ, is obtained by simply placing a liquid drop on a 
horizontal, flat, nondeformable surface and measuring the angle at the liquid–solid–
air boundary. Dynamic contact angles of water and ethylene glycol on the air-side 
surface of the prepared films were measured at room temperature using a contact 
angle goniometer (KSV Attension Theta Lite). Initial drops (5-6 µL) were deposited 
on the film surface from an airtight 1000 µL syringe, which was positioned 0.5 mm 
above the film surface. Sequentially, the volume of the drop was increased and 
decreased slowly through the addition and withdrawal of the liquid using the syringe. 
Figure 3.1 shows sketch of the contact angle, as seen by a goniometer. In the top 
49 
 
picture (A), the volume of the drop is being increased, and in the bottom (B) it is 
being decreased. Each angle is measure of the same contact angle. 
 
 
Figure 3.4 : Sketch of the contact angle, as seen by a goniometer. 
Direct measurements of the advancing contact angle, which reflects the hydrophobic 
character of the surface, and the receding contact angle, which is a measure of the 
relative hydrophilic character of the surface, were performed on both the left- and 
right-hand sides of each drop. To obtain reproducible results, care was taken to avoid 
vibration and distortion of the drop during changes in volume. Three readings were 
obtained for each sample; average values and their standard deviations were 
calculated. Although the surface energy cannot be measured directly, a number of 
indirect methods for determining its value have been proposed in the literature [151-
155]. In this study, geometric-mean approximations were employed to obtain the 
dispersive and non-dispersive contributions to the total surface energy. According to 
Owens and Wendt, the surface energy of a given solid can be determined using an 
equation applied to two liquids [156].  
 	     / 	 / (3.1) 
where γ s and γ l are the surface free energies of the solid and pure liquid, 
respectively. The superscripts ‘d’ and ‘nd’ represent the dispersive and non-
dispersive contributions to the total surface energy, respectively. The contact angle, 
θ, in Eqn (1)was obtained from the following equation[157]: 
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(3.2) 
 
 
where θa and θr are the advancing and receding contact angles, respectively. By 
measuring the contact angles of two liquids on a film surface, two simultaneous 
equations will be obtained for Eqn (1); they are readily solved for γsd and γsnd. 
Consequently, by assuming linear additivity of the intermolecular forces (i.e. the 
dispersive and non-dispersive forces), the sum of the two components γsd and γsnd 
should provide an estimated value of the total surface free energy, γs. Owens and 
Wendt employed water and methylene iodide as their test liquids, but other liquid 
pairs have been proposed in the literature. In this study, water (γ l = 72.8 mJ m−2; γ ld 
= 21.8 mJ m−2; γ lnd = 51 mJ m−2) and ethylene glycol (γ l = 48 mJ m−2; γ ld = 29 mJ 
m−2; γ lnd = 19 mJ m−2) were used. 
3.2.9 Gloss tests 
The most widely used gloss meter, also called reflectometers, are simplified 
goniophotometers in which one measures a response only at the secular angle. Those 
most commonly used in the coatings industry can make measurements when the 
angles of incidence and viewing are 20o, 60o, and 85o. A schematic drawing is 
shown in Figure 3.11. Gloss of the UV-cured films was determined with a micro-tri-
glossmeter (BYK-Gardner) according to ASTM D 523-08. Gloss of the coated plates 
was measured at an angle of 20o, 60o and 85o. A schematic drawing is shown in 
Figure 3.5. 
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Figure 3.5 : Conventional glossmeter. L, lamp; and D, Detector. 
 
3.2.10 Hardness tests 
The pendulum hardness of the UV-cured films was determined with a pendulum 
hardness tester (BYK-Gardner) according to ASTM D 4366 (pendulum weight = 200 
± 0.2g, amplitude limitation angle (deflection) = 6-3o, osscillation period = 1.4 s).  
The pencil hardness of the UV-cured films was determined by ASTM-D 3363. Pencil 
hardness test was applied on coated plexiglass plates.  
3.2.11 Adhesion tests 
The cross-cut test was determined by ASTM D-3359. Tape adhesion test was 
determined by ISO 2409. These tests were applied on coated plexiglass plates. 
3.2.12 Tensile tests 
Mechanical properties of the films were determined by standard tensile stress-strain 
tests in order to measure the tensile strength, the modulus, and elongation at break. 
Stress-strain measurements were carried out at room temperature by using an 
universal testing machine (Zwick Roell Z010, extension rate of 5 mm/min.) 
To assess the coating performance of the materials, each formulation was applied to 
plexiglass panels using an applicator and cured in a bench type UV processor (EMA 
Group, 120 W/cm2 medium pressure mercury UV lamps) were used.  
3.3 Preparation Methods 
3.3.1 Synthesis of 3,5-bis(perfluorobenzyloxy)benzyl alcohol (FOH) 
K2CO3 ( 3.52 g, 25.4 mmol ) and 18-crown-6 ( 0.32 g, 1.21 mmol) were added 
respectively into a mixture of pentafluorobenzyl bromide ( 6.62 g, 25,3 mmol ) and 
3,5-dihydroxybenzyl alcohol ( 1,71 g, 12.2 mmol ) in acetone ( 100 ml ) at room 
temperature and allowed to stir vigorously under nitrogen. After 3 days, the solvent 
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was removed in vacuo, the residue was partitioned between water ( 20 ml ) and 
CH2Cl2 (20 ml), the aqueous layer was extracted with CH2Cl2 ( 3 x200 ml ), and the 
CH2Cl2 extracts were combined, dried over MgSO4, and concentrated in vacuo. The 
product, FOH, was obtained by crystallization from 50 % hexane/CH2Cl2. Yield = 61 
%  Tm= 98 °C; FT-IR ν (cm-1) : 3294, 2897, 1659, 1597, 1525, 1453, 1376, 1280, 
1125, 930, 826, 769, 688;  1H - NMR (CDCl3) δ = 2.16 ( t, 1H ), 4.66 ( d, 2H ), 5.10 ( 
s, 4H ), 6.47 ( t,1H ), 6.64 ( d, 2H ) ppm;  19F - NMR (CDCl3) δ = -145.2 (m, 4F, 
ortho-F), -155.4 (m, 2F, para-F), -164.5 (m, 4F, meta-F) ppm. 
3.3.2 Synthesis of 3,5-bis(perfluorobenzyloxy)benzyl 2-bromopropanoate (FBr) 
Under nitrogen 0.55 ml (5.25 mmol) 2-bromopropionyl bromide was added dropwise 
to a stirring mixture of  (3,5-bis(perfluorobenzyloxy)phenyl)methanol (FOH) ( 2.12 
g, 4.12 mmol) and triethylamine (0.72 ml, 5.13 mmol) in 10 ml of THF
 
in an ice bath 
for 1 hour. After complete addition of the acid bromide, the reaction was stirred at 
room temperature for 3 hours. The reaction mixture was washed with water (3×30 
ml) and then dried over MgSO4. After filtration and evaporation of  THF  a greasy 
white product was obtained. It was dried under vacuum and recrystallized from 
ethanol. m.p: 68 oC,Yield : 59 %. FT-IR ν (cm-1): 2918,1737, 1653, 1597, 1322, 
1161, 930, 847, 716 ; 1H-NMR (CDCl3), δ (ppm): 6.6 (m, 2H), 6.5 (m,1H), 5.2 
(m,2H), 5.1 (m,4H), 4.5 (q,1H ), 1.7 - 1.9 (d,3H). 19F - NMR (CDCl3) δ = -145.1 (m, 
4F ), -155.3 ( m, 2F ), -164.4 ( m, 4F ) ppm. 
3.3.3 Synthesis of fluorinated pSt and pMMA ( F-pSt and F-pMMA polymers) 
To a schlenk tube equipped with a magnetic stirrer, vacuum and dry nitrogen was 
applied three or four times, then certain amounts of monomer (St or MMA), anisole, 
CuBr, PMDETA and initiator (FBr) were added in the order mentioned under 
nitrogen. The reaction solution was bubbled by nitrogen to remove dissolved gases 
and then tube was immersed  in an oil bath and held by a termostate at 90 or 95oC, 
with rigorous stirring. At each interval, a 1.0 mL sample was taken from the flask 
with a degassed syringe to trace the course of the polymerization. The 
polymerization was performed for a determined time. Then the tube was cooled to 
room temperature and the contents were dissolved in large amount of THF. The THF 
solution was passed through a short neutral alumina column to remove copper 
complex and then excess THF was removed by evaporation. The polymer was 
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precipitated into excess methanole, isolated by vacuum filtration and dried at room 
temperature in vacuo. The conversion was determined gravimetrically.  
3.3.4 Synthesis of 3,5-bis(perfluorobenzyloxy)benzyl acrylate (FM) 
Under nitrogen 2.02 ml ( 25 mmol ) acryloylchloride was added dropwise to a 
stirring mixture of  (3,5-bis(perfluorobenzyloxy)phenyl)methanol (FOH) ( 8.34 g, 
16.7 mmol) and triethylamine ( 3.51 ml, 25 mmol ) in 180 ml of THF
 
in an ice bath 
for 1 hour. After complete addition of the acryoylchloride, the reaction was stirred at 
room temperature for 15 hours. The reaction mixture was subsequently washed with 
0.1 N hydrochloric acid, saturated K2CO3 solution, saturated brine, diethyl ether and 
deionized water. After drying the organic phase with anhydrous Na2SO4, the solvent 
was removed resulting in a greasy yellow liquid. The product was further purified by 
column chromatography on silica (eluent: hexane-ethylacetate) to give pure 
monomer. Yield: 77 %, m.p: 50.8 °C. FT-IR ν (cm-1): 2930,1722, 1656, 1598, 1286, 
1159, 937; 1H-NMR (CDCl3), δ (ppm): 6.7 (m, 2H), 6.5 (m, 1H), 6.4 (m, 1H), 6.2 
(m, 1H), 5.8 (m,1H), 5.1 (m,2H), 5.0 (m,4H). 13C-NMR (CDCl3), δ (ppm): 166.0, 
159.4, 147.0, 140.1, 138.7, 131.8, 128.2, 109.8, 106.9, 102.0, 65.8, 57.4. 19F - NMR 
(CDCl3) δ = -145.2 (m, 4F ), -155.2 ( m, 2F ), -164.5 ( m, 4F ) ppm.  
3.3.5 Synthesis of FM and MMA copolymers (p(MMA-co-FM) copolymers) 
The polymerizations were performed in a dry Schlenk tube which was charged with 
determined amount of monomers (3,5-bis(perfluorobenzyloxy)benzyl acrylate and 
MMA), 1 ml of toluene and AIBN ( 2.5 mol % of total monomer). Oxygen was 
removed by three freze-pump-thaw cycles by applying vacuum and backfilling with 
nitrogen. The tube with the polymerization mixture was immersed into a silicon oil 
bath, preheated to 80 oC. After the desired time, the tube was removed from the bath 
and cooled rapidly down to ambient temperature, and the reaction mixture was 
diluted with THF. The polymers were precipitated into methanol and dried under 
vacuum. The yields were determined gravimetrically.  
3.3.6 Synthesis of polyurethane acrylate oligomer (PUA) 
Lupranol 1100, polypropylene glycol, (PPG) (average Mn= 1100 g/mol) as polyol 
(11 g, 0.01 mol) in 5 ml acetone was added into a three-necked flask under nitrogen 
equipped with a stirrer, thermometer and reflux condenser with a drying tube. Then, 
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IPDI (Isophoronedi isocyanate, 4.44 g, 0.02 mol) in 5 ml acetone was added 
dropwise into the flask. After the addition completed, four drops of DBTDL was 
added as catalyst. The reaction temperature was then increased from 25 to 50 oC 
within 30 min and the reaction mixture was stirred at 50 oC. The reaction was 
continued till the NCO content reached the theoretical value as determined by 
dibutylamine titration.  Then it was cooled to room temperature and HEMA (2.6 g, 
0.02 mol) in 5 ml aceton was added dropwise manner within 30 minute. After the 
addition completed the temperature of the reaction was increased to 50 oC within 30 
min and stirred at 50 oC. The reaction was continued until NCO peak at 2269 cm-1 
dissappeared totally in the FT-IR spectra of samples taken from the reaction medium 
every 0,5 h. The solvent (acetone) was then evaporated, and the vicous liquid was 
obtained. The final product was vacuum dried at ambient temperature. Yield: 85 %,   
1H-NMR (DMSO-d6), δ (ppm): 7.25-6.97 (d, 2H, NH), 6.02 (s, 2H, CH2=C), 5.68 (s, 
2H, CH2=C), 4.70 and 4.23 (s, 2H, CH2O-), 3.45- 3.41 (m, 3H, -OCH(CH3)CH2O- 
and 1H, -CH ), 2.71 (s, 2H, -CH2NH-), 2.08 (s, 3H, CH3), 1.99-1.23 (m, 6H, -CH2), 
0.78-1.03 (m, 6H, CH3). 
3.3.7 Synthesis of 2-((5-((3,5-bis(perfluorobenzyloxy)benzyloxy)carbonylamino)-
1,3,3 trimethylcyclohexyl)methylcarbamoyloxy)ethylmethacrylate 
(Fluorinated urethane-acrylate, FUA) 
FOH (3,5-Bis[(pentafluorobenzyl)oxy]benzyl Alcohol) (10.3 g, 0.021 mol) in 20 ml 
acetone was added into a three-necked flask under nitrogen equipped with a stirrer, 
thermometer and reflux condenser with a drying tube. Then, IPDI (Isophoronedi 
isocyanate, 4.66 g, 0.021 mol) in 5 ml acetone was added with a dropping funnel into 
the flask over 30 min period, while maintaining the temperature below 25 oC. After 
the addition completed, four drops of DBTDL was added as catalyst. The reaction 
temperature was then increased from 25 to 50 oC within 30 min and the reaction 
mixture was stirred at 50 oC. The reaction was continued till the NCO content 
reached the theoretical value as determined by dibutylamine titration. Then it was 
cooled to room temperature and HEMA (2.73 g, 0.021 mol) in 5 ml aceton was 
added dropwise manner within 30 minute and four drops of DBTDL was added as 
catalyst. After the addition completed the temperature of the reaction was increased 
to 50 oC within 30 min and stirred at 50 oC.  After 4 hour, the resulting oligomer was 
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analyzed by FT-IR. The characteristic –NCO band at 2269 cm-1 was no longer 
detectable (Figure 3). The solvent (acetone) was then evaporated, and the vicous 
liquid was obtained. The product was vacuum dried at room temperature. Yield: 96 
%,   1H-NMR (DMSO-d6), δ (ppm): 7.18-6.73 (d, 2H, NH), 6.66-6.50 ( m, 4H ), 
6.05- (s, 2H, CH2=C), 5.67 (s, 2H, CH2=C), 5.18 (s, 4H, CH2), 4.94 (m, 2H, CH2O-), 
4.30-4.00 (m, 4H, CH2O-CO), 3.61 (s, 1H, -CH), 2.73 (m, 2H, -CH2NH), 2.11-2.08 
(d, 3H, CH3), 1.9-1.4 (m, 6H, CH2), 1.2-0.9 (m, 9H, CH3). 
3.3.8 Film preparation in spin coater 
Thin polymer films were spin-coated ( 1000 rpm for 30 s) using a SCS P6700 spin 
coater onto a clean and dried glass substrate using solutions of the synthesized 
polymers with concentrations of 100 mg in 1ml of toluene. After spin-coating, the 
polymer films were annealed for 2 h at 125 oC in an oven. By this procedure, glass 
substrate was completely covered with the polymers. 
3.3.9 Film preparation by UV-curing 
UV curable formulations were prepared by mixing resin (urethane acrylate and FUA 
or FM) (50 wt%), HDDA (10 wt%), TPDGA (37 wt%) and photoinitiator (3 wt%). 
Each formulation was prepared in a beaker with stirring. In order to remove air 
bubbles formed during mixing; the beaker content kept under gentle vacuum for 10 
min without disturbing the composition ratio. The prepared formulations were coated 
on to plexiglass panels using a bar applicator obtaining a layer thickness of 80 µm. 
The applied wet coatings were hardened as shown in Figure 3.6 after six passes by 
exposition to a UV irradiation of a medium-pressure mercury lamp (365 nm) built 
into a  UV cure device (EMA) constructed in our laboratory with a distance of 15 cm 
from lamp to specimen above the moving belt at ambient temperature, in the 
presence of air. The speed of the belt is kept at 6.8 m/min. The light dose is 
calculated as 325 mJ/cm2.  
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Figure 3.6 : Film Preparation by UV-Curing. 
Also free films were prepared by pouring the light sensitive viscous liquid 
formulations on to a TeflonTM mold (10 mm x 50 mm x 1 mm). In order to prevent 
the inhibiting effect of oxygen, resin in the mold was covered by transparent thin 
polyester film before irradiation, a glass plate was placed over the polyester film 
used to obtain homogenous thickness. Finally, the formulations were irradiated 240 s 
under high- pressure UV lamp ( OSRAM 300W, λmax = 365 nm). 
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4.  RESULTS AND DISCUSSION 
4.1 Atom Transfer Radical Polymerization of Methylmethacrylate and Styrene 
Initiated by 3,5-bis(perfluorobenzyloxy)benzyl 2-bromopropanoate  
In this study, perfluoroaromatic group end-capped polystyrene and 
polymethylmethacrylate were synthesized via ATRP technique. For this purpose, 
(3,5-bis (perfluorobenzyloxy) phenyl) methanol (FOH) used for the preparation of 
FBr.[41] Reaction of 3,5-dihydroxybenzyl alcohol with α-bromopentafluorotoluene, 
in the presence of K2CO3 and 18-crown-6, in acetone at room temperature for 3 days 
gave FOH in 61 % yield (Figure 4.1).  
 
Figure 4.1 : Synthesis of FOH. 
Then perfluorinated aromatic group containing ATRP initiator was synthesized by 
esterification of the (3,5-bis(perfluorobenzyloxy)phenyl)methanol (FOH) with 2-
bromopropionylbromide (Figure 4.2). 
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Figure 4.2 : Synthesis of FBr. 
The structure of the product FBr was confirmed by spectroscopic investigations. The 
FT-IR spectrum showed no signal corresponding to –OH groups of the starting (3,5-
bis (perfluorobenzyloxy) phenyl )methanol (FOH) at 3294 cm-1 and shows the 
characteristic C=O ester band at 1737 cm-1 and C-Br band at 688 cm-1 (Figure 4.3). 
1H-NMR spectrum recorded in CDCl3 evidenced resonance signals of –CH3, -CH2, -
OCH2 , –CH-Br protons of relative intensities corresponding to the number and type 
of protons (Figure 4.4 ). 
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Figure 4.3 : FT-IR Spectrum of FOH and FBr.
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Figure 4.4 : 1H-NMR ( in CDCl3 ) Spectrum of FBr.
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The peak observed at 4.5 ppm corresponded to CH-Br protons and spectrum 
indicated the presence of one Ar-H proton at 6.6 ppm, two Ar-H at 5.2 ppm , -OCH2 
Ar protons at 5.1 ppm and CH3 protons at 1.7-1.9 ppm. In Figure 4.5 19F-NMR 
spectrum showed signals at -145.1,  -155.3,  -164.4 ppm assigned to ortho-F, para-F, 
meta-F atoms in the aromatic ring respectively (Figure 4.5). 
 
 
 
Figure 4.5 : 19F-NMR ( in CDCl3 ) Spectrum of FBr. 
Atom transfer radical polymerization, a radical process that is more tolerant to 
impurities, is a good method for the synthesis of polymers with well-defined 
compositions, architectures, and functionalities. The FBr initiator with bromine 
group was used to initiate the ATRP of styrene (St) and methylmethacrylate (MMA) 
to obtain a one-end-capped fluorinated polymer. (Figure 4.6). Typical results 
concerning the ATRP of monomers are presented in Table 4.1 
 
 
 
 
 
 
 
 
 
.
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Figure 4.6 : Synthesis of F-pSt and F-pMMA polymers.
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Table 4.1 : Polymerization Characteristics of Partially Fluorinated Polystyrenes and Polymethylmethacrylates.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
  [I]o : [CuBr]o : [PMDETA]o : [Monomer]o = 1 : 1: 2 : 200 in anisole at 95 oC for pSt. 
   [I]o : [CuBr]o : [PMDETA]o : [Monomer]o = 1 : 1: 2 : 80 in anisole at 90 oC for pMMA. 
b   Determined gravimetrically. 
c   Calculated by Mn, th = ( [Mo] / [Io] ) x ( conversion % ) x Mmonomer 
d   Determined by means of GPC calibrated with pSt standards. 
 
Run 
 
Time(h) 
 
[Mo] / [Io] 
 
Conv.(%)b 
 
Mn , thc 
 
Mn , expd 
 
Mw/Mnd 
F-pSt0 6 200 0 - - - 
F-pSt1 12 200 25.6 5325 8740 1.18 
F-pSt2 24 200 64.4 13395 28800 1.09 
F-pSt3 36 200 71.4 14851 54200 1.07 
F-pSt4 48 200 83.2 17306 67300 1.07 
F-pMMA1 3 80 63.7 5096 20800 1.40 
F-pMMA2 6 80 66.7 5336 23000 1.35 
F-pMMA3 12 80 78.7 6296 33700 1.25 
F-pMMA4 24 80 78.1 6248 35800 1.25 
F-pMMA5 36 80 81.0 6480 38100 1.24 
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Table 4.1 shows the increase of monomer conversion with time, which is a basic 
requirement for living systems. As shown in Table 4.1, as the conversion increased 
with the time, polydispersities decreased during the polymerizations. For F-pSt1 and 
F-pSt2 polymers,  it can be said that an acceptable agreement of theoretical and 
experimental number-average molecular weight Mn, th , Mn, exp  and polydispersity 
index 1.18 and 1.09 was obtained. F-pSt3 and F-pSt4  polymers showed Mn, exp, more 
than three times as high as Mn , th  and a polydispersity index 1.07. For the 
polymerization of styrene at the very begining of the reaction Mn , th and Mn, exp were 
close to each other after some time the termination reactions occured resulting much 
higher molecular weights with low polydispersities. ATRP is moderately sensitive to 
oxygen. The polymerization will proceed in the presence of a small amount of 
oxygen, since small amounts of oxygen can be scavenged by the catalyst, which is 
present at a much higher concentration than the growing radicals.[15] In some cases, 
oxygen may produce peroxides that can actually catalyze the reaction. The 
polymerization of several monomers in the presence of small amounts of oxygen and 
Cu (I) or Cu (II) complexes has recently been reported to yield high molecular 
weight products with relatively low polydispersities.[15] The results seemed to be 
uncontrolled ones for the MMA. From the very begining of the reaction Mn , th and 
Mn, exp were different from each other. This could be due to low initiation efficiency 
of the initiator. In ATRP reactions not all initiators are good for all monomers. For a 
good controlled ATRP, it is necessary to better correlate structures of the initiator 
with the monomer. Having more similar chemical structure of the initiator to the 
monomer, causes more efficient initiation. Styrene monomer have aromatic group 
which is more similar structure to initiator than methylmethacrylate. It was assumed 
that in the absence of side reactions only a small amount of FBr initiated the 
polymerization, causing Mn, exp of the product to be much higher than Mn, th and the 
molecular weight distribution to be relatively narrow. According to our results it can 
be said that while getting reasonable results for the styrene monomer it was not the 
same for methylmethacrylate with higher polydispersities ( Figure 4.7).  
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Figure 4.7 : GPC traces of F-pSt polymers. 
 
 
 
Figure 4.8 : GPC traces of F-pMMA polymers.
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Also steric hindrance can cause the chain termination that, it could got harder to add 
a new monomer to the chain growed with a bulky fluorine group at the end so the 
chains prefered termination by combining two growing chains resulting higher 
molecular weights. At the very begining of ATRP initiation might be lower than the 
rate of propagation or some termination reactions occured. This leads to the 
coexistance of initiation and propagation reaction and explains the tailing toward 
lower molecular weights in the gpc trace (Figure 4.8). For F-pMMA1, F-pMMA2, F-
pMMA3 and F-pMMA4 polymers, Mn, exp is more than two times higher than Mn, th 
although the polydispersity index is still low. This can be explained by investigations 
of imperfections such as slow initiation, termination, transfer, and slow exchange and 
their effects on kinetics, molecular weight, and polydispersities of “living” chain 
growth polymerization.[87] During the polymerization initiating efficiency is 
decreasing, this could be due to some chains in polymer lost its active end during the 
polymerization because of the termination reactions. Very reactive initiators may 
produce too many radicals, which will terminate at early stages.[15] This will reduce 
efficiency of initiation, produce too much of the deactivator. Figure 4.9 shows, the 
semi-logarithmic kinetic plot of ln ([M]0/[M]t) versus time, t, where [M]0 is the initial 
concentration of the monomer, and [M]t is the monomer concentration at any time 
and also plots of Mn and polydispersity indexes (Mw / Mn) as a function of 
conversion. The linearity of the plot especially for the St indicates that the 
concentration of growing radicals is constant. Figure 4.9 shows, the semi-logarithmic 
kinetic plot of ln ([M]0/[M]t) versus time, t, where [M]0 is the initial concentration of 
the monomer, and [M]t is the monomer concentration at any time and also plots of 
Mn and polydispersity indexes (Mw / Mn) as a function of conversion. The linearity of 
the plot especially for the St indicates that the concentration of growing radicals is 
constant. 
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Figure 4.9 : First-order kinetic plots for the polymerization of MMA and St using CuBr catalyst in anisole at 90 and 95 oC .  
▪ : [M]/[I]/ [Cu]/[PMDETA] = 80/1/1/2, [MMMA]o = 5.61 M, ●: [M]/[I]/ [Cu]/[PMDETA] = 200/1/1/2, [MSt]o = 3.73 M. 
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In the 1H-NMR spectrum of pSt (Figure 4.10), the chemical shifts at 6.2 – 7.2 ppm 
corresponded to the benzene ring protons of polystyrene and initiator. The complete 
disappearance of initiator CH-Br signals at 4.5 ppm in Figure 2 indicated that Br 
functions took part in initiating the pSt chain growth. At the same time, a new signal 
at 3.7 ppm appeared that came from Ar-CH-Br end-group protons of pSt. The bands 
at 0.82, 1.00, and 1.20 ppm in the 1H-NMR spectrum of pMMA (Figure 4.11),  
represented the resonance of syndiotactic, atactic, and isotactic methyl groups. The 
methylene proton of pMMA resonances between 1.4 and 2.4 ppm. The signals 
observed at 3.58 ppm corresponded to the methyl of the ester group of MMA, and 
the peak at 5.20 ppm were assigned to –OCH2 protons of FBr initiator at the end of 
the polymer chain. 
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Figure 4.10 : 1H-NMR Spectrum of F-pSt1 in CDCl3.
70 
 
 
Figure 4.11 :  1H-NMR Spectrum of F-pMMA1 in CDCl3. 
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Thermal behaviours of polymers were checked with DSC and TGA measurements. 
The results of thermal analysis are summarized in Table 4.2. 
Table 4.2 : DSC and TGA results for polymers F-pSt and F-pMMA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
 Molecular weights of pure pSt and pure pMMA were 30230 g/mol and 30530 g/mol respectively. 
The terminal fluorine group can influence the glass transition temperature at the 
surface region.[156, 158] The terminal perfluorinated aromatic groups were to be 
preferentially segregated at the surface. Therefore, the lower Tg values according to 
pure pSt may possibly be attributed to the difference of the surface concentration of 
chain ends and high surface mobilities of fluorine groups (Figure 4.12). 
 
 
Polymers 
 
Tg  ( 0C ) 
 
T%50 ( 0C ) 
 
Residue at 500 0C 
(%) 
 
F-pSt1 
 
94 
 
404 
 
3.0 
F-pSt2 97 414 1.1 
F-pSt3 98 417 2.1 
pSta 100 416 0.0 
F-pMMA1 120 376 1.6 
F-pMMA2 119 377 2.1 
F-pMMA3 123 377 1.2 
pMMAa 120 366 0.0 
 
72 
 
 
 
Figure 4.12 : DSC thermograms of F-pSt polymers. 
As shown in Figure 4.13, glass transition temperatures of the obtained F-pMMA 
polymers were in good agreement with the Tg value of pure pMMA. 
 
 
Figure 4.13 : DSC thermograms of F-pMMA polymers. 
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The introduction of fluorine end groups into the pSt and pMMA polymers was 
expected to improve their thermal stability. At 500 oC, higher char yields were 
obtained indicating that perfluorinated aromatic group end-capped polymers 
exhibited better thermal stability than that of pure pSt and pure pMMA (Table 4.2, 
Figure 4.14 and Figure 4.15).  
 
Figure 4.14 : TGA thermograms of pSt and F-pSt polymers. 
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Figure 4.15 : TGA thermograms of pMMA and F-pMMA polymers. 
Due to low surface energies and high incompatibilities of fluorine end groups, these 
groups are segregated significantly at the polymer surfaces or air–polymer interfaces. 
[159-163] Appreciable surface and interfacial segregation of fluorine end groups is 
also observed in almost all the blend systems composed of polymers chain end-
functionalized with flüorine group(s) and nonfluorine-polymers.[164-168] Even 
small amounts of fluorine end groups significantly reduce the surface energy of 
polymer and blend surfaces. The extent of such surface segregation might be 
quantitatively evaluated by analytical methods such as contact angle measurements. 
To investigate the effect of the incorporated perfluorinated aromatic group on the 
surface property of polymers, contact angle measurements were performed with 
deionized water and ethylene glycol as wetting agent. F-pSt and F-pMMA films were 
spin-coated from solutions onto glasses. Afterward, contact angles of water and 
ethylene glycol were measured to determine the relative wettabilities of the film 
surfaces. Also, surface free energy of the films were calculated from the average 
contact angles. Owens-Wendt geometric mean with the two-liquid method [156, 169] 
was applied. Figure 4.16 shows photographs of water drops on the polymer film 
samples and Table 4.3 summarizes the results. 
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Figure 4.16 : Photographs of 5µl drops of water on non-fluorinated and fluorinated polymer 
samples. 
 
 
  
76 
 
Table 4.3 :  Surface Properties  of Spin Cast Polymer Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* γ s
  d
 : dispersion component ,  γ s p : polar (nondispersion) component,    γ s    : surface energy 
 
 
 
Material 
 
Water 
Contact Angle (0) 
 
Ethylene Glycol 
Contact Angle (0) 
Geometric Mean 
Equation Surface Energy (mN/m) 
γ s
 p, *
 γ s
 d, *
 γ s
 * 
 
Pure pSt 
 
90.4 
 
71.3 
 
6.6 
 
14.4 
 
21.1 
F-pSt1 94.6 72.8 3.7 17.7 21.4 
F-pSt2 97.6 75.2 2.6 18.3 20.9 
F-pSt3 96.5 76.0 3.7 15.8 19.5 
Pure pMMA 73.6 54.2 16.5 14.2 30.8 
F-pMMA1 85.7 64.1 7.6 17.5 25.1 
F-pMMA2 84.8 67.6 10.7 12.3 23.0 
F-pMMA3 90.8 72.1 6.7 13.9 20.1 
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Contact angle measurements indicate that the surface of F-pSt and F-pMMA polymer 
films have more hydrophobic character, when compared with fluorine-free pSt and 
pMMA. Contact angle values elevate when the molecular weight of the polymer 
increased as a result of having more chains with fluorinated ends. Spin coated film of 
pure pSt showed a contact value of 90 o (for water) and 71 o (for ethylene glycol) 
while fluorinated pSt (F-pSt) films had contact angle values between 94 o– 96 o (for 
water) and 72 o – 76 o  (for ethylene glycol), also fluorinated pMMA (F-pMMA) 
films showed higher contact angle values between 85 o– 90 o  (for water) and 64 o – 
72 o (for ethylene glycol) in comparison with pure pMMA film having 73 o (for 
water) and 54 o  (for ethylene glycol) contact angle value. Also, the surface energies 
of the fluorinated pSt and pMMA are lower than their flüorine free analogues. 
4.2 Novel Perfluorinated Acrylate-MMA Copolymers 
In this study, perfluoroaromatic group containing acrylate copolymers in different 
composition were synthesized via free radical polymerization. For this purpose, (3,5-
bis (perfluorobenzyloxy) phenyl) methanol (FOH) used for the preparation of 
fluorinated acrylate monomer. Reaction of 3,5-dihydroxybenzyl alcohol with α-
bromopentafluorotoluene, in the presence of K2CO3 and 18-crown-6, in acetone at 
room temperature for 3 days gave FOH in 72 % yield as shown in Figure 4.1. Then 
perfluorinated aromatic group containing acrylate monomer (FM) was synthesized 
by esterification of the (3,5-bis(perfluorobenzyloxy)phenyl)methanol (FOH) with 
acryloylchloride (Figure 4.17).   
 
Figure 4.17 : Synthesis of FM. 
The structure of the product FM was confirmed by spectroscopic investigations. The 
FT-IR spectrum showed no signal corresponding to –OH groups of the starting (3,5-
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bis (perfluorobenzyloxy) phenyl )methanol (FOH) at 3292 cm-1 and shows the 
characteristic C=O ester band at 1722 cm-1 (Figure 4.18). 
 
Figure 4.18 : FT-IR Spectrum of FOH and FM. 
19F-NMR spectrum showed signals at -145.2,  -155.2,  -164.4 ppm assigned to ortho-
F, para-F, meta-F atoms in the aromatic ring respectively (Figure 4.19). In 1H-NMR 
spectrum recorded in CDCl3, the peak observed between at 5.8-6.4 ppm 
corresponded to monomeric H2C=CH- protons (Figure 4.20). Spectrum indicated the 
presence of two Ar-H proton at 6.6 ppm, two Ar-H at 6.7 ppm and -OCH2 Ar protons 
between at 5.0-5.3 ppm. 
 
Figure 4.19 : 19F-NMR ( in CDCl3 ) Spectrum of FM.
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Figure 4.20 : 1H-NMR ( in CDCl3 ) Spectrum of FM.
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Copolymers of the perfluorinated acrylate with MMA were synthesized by free 
radical polymerization at 80 0C under nitrogen as shown in Figure 4.21.  
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Figure 4.21 : Synthesis of p(FM-co-MMA) copolymers. 
Copolymerization parameters point to almost random copolymers. Table 1 lists the 
polymer characteristics of the prepared samples. The following notation will be used 
for the different copolymers. p(FM) and p(MMA) are the homopolymers of FM and 
MMA respectively. p(FM-co-MMA)-50/50 represents a random copolymer of 50 
mol % MMA and 50 mol % FM in the monomer feed. Thus, p(FM-co-MMA)-90/10 
is a random copolymer of 90 mol % FM and 10 mol % MMA in the monomer feed. 
The copolymer compositions of the p(MMA-co-FM) copolymers were determined 
by 1H-NMR. The experimental fraction of fluorinated monomers was slightly lower 
than the corresponding fraction in monomer feed, as shown in Table 4.4.  
Figure 4.22 depicts the 1H-NMR spectrums of p(FM) homopolymer and p(MMA-co-
FM) copolymers. In the spectrums peaks appearing at around 6.2-6.8 ppm were 
assigned to the aromatic protons, at around 4.90-5.00 ppm were assigned to –OCH2 
protons in the p(FM) polymer. The peaks between 0.80-2.5 ppm were assigned to –
CH and –CH2 protons in the polymer chains. The compositions of the copolymers in 
Table 4.4 were calculated on the basis of the 1H-NMR results, comparing the values 
of the integrals of the peaks appearing at around 3.43-3.56 ppm, which is 
characteristic for –OCH3 protons in the MMA monomer and the peaks appear in the 
range of 6.2-6.8 ppm which are for aromatic protons of FM monomer.  
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Table 4.4 :  Free Radical Copolymerization of FM (M1) and MMA (M2) at 80 0C. a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
 Initiator: AIBN (0.027 M), [FM]+[MMA] = 1.08 M, time: 5 hours. 
b
 Determined by 1H-NMR data. 
c
 Determined by GPC measurement.  
  
Monomer 
Feed (mol %) 
 
 
 
Copolymer  
Composition b 
(mol %) 
 
F1 F2 f1 f2 Conv. % Mn c Mw/Mn c 
 
 
p(FM-co-MMA)-10/90 
 
10 
 
90 
 
9 
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22 
 
11370 
 
1.35 
p(FM-co-MMA)-30/70 30 70 22 78 37 11200 1.56 
p(FM-co-MMA)-50/50 50 50 45 55 34 12200 2.02 
p(FM-co-MMA)-70/30 70 30 63 37 39 13000 2.25 
p(FM-co-MMA)-90/10 90 10 81 19 30 14300 2.39 
pFM 100 - 100 - 41 12600 2.48 
pMMA - 100 - 100 11 14100 1.19 
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Figure 4.22 : 1H-NMR ( in CDCl3 ) Spectrum of p(FM-co-MMA) copolymers. 
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Copolymerization of newly synthesized fluorinated acrylic monomer (FM) with 
MMA was evaluated by free radical polymerization with different monomer feeds to 
calculate the reactivity ratio of the monomers. For this purpose, during the 
copolymerizations, total momomer composition and time were maintained constant 
as well as temperature within ± 0.1 0C. All runs were carried out by employing the 
initiator 2.5 mol % of the total momomer amount. Monomer reactivity ratios are 
important quantitative values to predict the copolymer composition for any starting 
feed in the batch, semi-batch or continuos reactors and to understand the kinetic and 
mechanistic aspects of copolymerization. The change in the reaction medium with 
conversion affects the monomer reactivity ratio values. Among several procedures 
available to determine monomer reactivity ratio, the methods of Mayo - Lewis (ML) 
[170], Finemann - Ross (FR) [171], inverted Finemann - Ross (IFR), Kelen - Tüdos 
(KT) [172], extended Kelen - Tüdos (EKT) [173-175], Tidwell - Mortimer (TM) 
[176], Mao-Huglin (MH) [177], are appropriate for the determination of monomer 
reactivity ratios at low conversions. Extended Kelen-Tüdos and Mao-Huglin 
methods consider the drift of comonomer and copolymer composition with 
conversion. Therefore they are suitable for the manipulation of high conversion data. 
For our system the monomer reactivity ratios of MMA and (3,5-
bis(perfluorobenzyloxy)benzyl acrylate for their free radical copolymerization were 
calculated by the well known extended Kelen-Tüdos method from the composition of 
the monomer feed and that of the instantaneously formed copolymer (Table 4.5). 
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Table 4.5 :  EKT Parameters for Monomer FM and MMA Using 1H-NMR. 
 
 
 
 
 
 
 
 
 
 
 
 
This method essentially uses the equation  
   	 !/"# $ !/" (4.1) 
where η and ξ are functions of both feed and copolymer compositions defined as, 
  %/& 	 " and  #  &/& 	 " (4.2) 
H and G are defined using a conversion-dependent constant Z, which is expressed as, 
'  log1 $ #  / log1 $ #! (4.3) 
ξ1 and ξ2 are respectively, the partial molar conversions in monomers M1 and M2 and 
are given as,  
#  #!+/,  and    #!  -./ 	 ,0// 	 + (4.4) 
where, 
+  1 /1!  ,    ,  2 /2!   ,   /  /!//  (4.5) 
µ1 and µ2 represent the molecular weights of monomer 1 and 2, respectively, and ω is 
the total fractional conversion. Thus, the H and G values are defined, 
&  +/'!   and    %  + $ 1/' (4.6) 
and α is an arbitrary parameter, usually taken as,  
 Parameters of EKT Equation 
Run H G ξ η 
p(FM-co-MMA)-10/90 0,13 -1,03 0,06 -0,47 
p(FM-co-MMA)-30/70 0,84 -1,24 0,29 -0,43 
p(FM-co-MMA)-50/50 1,36 -0,23 0,40 -0,07 
p(FM-co-MMA)-70/30 4,03 1,08 0,66 0,18 
p(FM-co-MMA)-90/10 33,01 9,08 0,94 0,26 
85 
 
"  &345. &37 /! (4.7) 
Monomer reactivity ratios (r1 and r2) were calculated using experimental data, 
presented in Table 4.6, treated by EKT method. [178] 
Table 4.6 :  Monomer Reactivity Ratios (r1, r2) 
 
 
 
 
 
The linear plot according to equation (4.1) gives  	 !/" as slope and $!/"    as 
intercept ( Figure 4.23 ). 
 
 
Figure 4.23 : EKT plots of ξ versus η for the free radical copolymerization  
of FM (M1) with MMA (M2). (α = 2.07) 
The reactivity ratios which were found to be r1 = 0.38,  r2 = 1.11 and r1.r2 < 1 for the 
pair FM-MMA show that this system undergoes random copolymerization. The 
value of r1 is less than 1 which means that fluorinated acrylic monomer (FM) 
terminated propagating chain prefers to add MMA than another FM monomer  that is 
involved in the reaction. According to the obtained results it can be concluded that 
there occurs some composition drift that the produced copolymer contains more 
MMA than expected.  
M1 M2 r1=k11/k12 r2=k22/k21 r1.r2 1/r1=k12/k11 1/r2=k21/k22 
FM MMA 0.38 1.11 0.42 2.63 0.90 
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The value of r2 greater than unity implies the copolymerization initially is dominated 
by this species which is the more reactive monomer (Table 4.6). Thermal behavior of 
the synthesized polymers was investigated by using of the DSC and TGA methods 
and the observed results were summarized in Table 4.7  
Table 4.7 : DSC and TGA results for p(FM-co-MMA) copolymers. 
 
The homopolymer of fluorinated acrylate itself showed a Tg value of 49.6 oC and 
obtained FM-MMA copolymers showed only one Tg value as a result of being a 
random copolymer. The Tg values of the copolymers are ranging between 50-80 0C. 
The highest Tg value ( 78 oC ) was obtained when the ratio for FM:MMA in the feed 
was 10 : 90 (Figure 4.24). 
The glass transition temperature of the copolymers is dependent not only on the 
copolymer molecular weight but also on the copolymer composition. As shown in 
DSC thermograms the copolymers showed lower Tg values with increasing 
fluorinated monomer composition although they have higher Mn value. This suggests 
that the introduction of perfluorinated groups in the polymer chain results in a 
plasticizing effect (high surface mobilities of fluorine groups) with a corresponding 
decrease of Tg. For all these copolymers, no melting endotherms were observed 
 
Polymers 
 
Tg  ( 0C ) 
 
T%50 ( 0C ) 
 
Residue at 700 0C 
(%) 
 
pMMA 
p(FM-co-MMA)-10/90 
 
123.0 
78.4 
 
366.8 
374.2 
 
0.0 
11.6 
p(FM-co-MMA)-30/70 65.1 388.3 20.5 
p(FM-co-MMA)-50/50 57.6 400.9 23.4 
p(FM-co-MMA)-70/30 54.4 431.9 29.8 
p(FM-co-MMA)-90/10 52.0 469.0 31.0 
pFM 49.6 483.7 26.5 
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under 300 0C in their DSC traces. This indicates that the copolymers with all 
compositions were amorphous. 
 
 
 
Figure 4.24 : DSC thermograms of p(FM-co-MMA) copolymers. 
The thermal stability of the novel copolymers was investigated by TGA. Figure 4.25 
shows the weight loss of FM-MMA copolymers in a nitrogen atmosphere as a 
function of temperature. It is seen that the introduction of fluorinated monomer into 
MMA monomer was expected to improve their thermal stability. Synthesized 
copolymers have better thermal stability than that of pMMA homopolymer and 50% 
decomposition temperature increase with increasing FM content. P(FM) 
homopolymer by itself showed 50% decomposition temperature as 483.7 oC. Also 
char yields increase as the mol percent of FM monomer increase in the polymer 
chain but char yield of the p(FM) homopolymer is lower than some of the 
copolymers because of having lower molecular weight than them. The thermal 
stability of the novel copolymers was investigated by TGA. Figure 4.25 shows the 
weight loss of FM-MMA copolymers in a nitrogen atmosphere as a function of 
temperature. It is seen that the introduction of fluorinated monomer into MMA 
monomer was expected to improve their thermal stability. Synthesized copolymers 
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have better thermal stability than that of pMMA homopolymer and 50% 
decomposition temperature increase with increasing FM content. P(FM) 
homopolymer by itself showed 50% decomposition temperature as 483.7 0C. Also 
char yields increase as the mol percent of FM monomer increase in the polymer 
chain but char yield of the p(FM) homopolymer is lower than some of the 
copolymers because of having lower molecular weight than them. 
 
 
Figure 4.25 : TGA thermograms of p(FM-co-MMA) copolymers. 
To investigate the effect of the perfluorinated aromatic group on the surface property 
of the copolymers, contact angle measurements were performed with deionized water 
and ethylene glycol as wetting agent. Surface free energy of the films were 
calculated from the average contact angles. Owens-Wendt geometric mean with the 
two-liquid method [156, 169] was applied. As shown in Figure 4.26, by introducing 
fluorinated monomer in MMA polymer, the surface of the polymer become 
hydrophobic.  
As expected, surface tension of the films of p(FM-co-MMA) copolymers decreased 
with increasing molar fraction of the fluorinated acrylic monomer in the chain.
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Figure 4.26 : Surface energy of p(FM-co-MMA) copolymers as a function  
of the molar fraction of the fluorinated monomer unit in the polymer chain. 
Advancing and receding contact angles ( θadv and θrec) of water were measured for all 
polymer films to determine the relative hydrophobicity of the surface. Table 4.8 
gives average contact angles for the fluorinated films along with the values for 
pMMA and p(FM) polymer films for comparison. 
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Table 4.8 : Surface Properties  of Spin Cast Polymer Films. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* γ s
  d
 : dispersion component ,  γ s p : polar (nondispersion) component,    γ s    : surface energy 
 
 Surface Free Energy (mN/m) Contact Angle θ (o) with 
 
γ s
 p    *
 
 
γ s
 d    *
 
 
γ s
 *
 
 
Deionized water 
 
Ethylene Glycol 
   θadv θrec θadv θrec 
 
pMMA 
 
28.20 1.07 29.27 85 59 63 45 
p(FM-co-MMA)-10/90 
 
12.39 14.07 26.45 95 67 72 48 
p(FM-co-MMA)-30/70 
 
23.95 1.37 25.32 99 74 75 50 
p(FM-co-MMA)-50/50 
 
21.71 3.46 25.17 100 78 78 54 
p(FM-co-MMA)-70/30 14.14 10.30 24.44 101 77 76 56 
p(FM-co-MMA)-90/10 18.49 4.38 22.86 104 79 82 55 
 
pFM 
 
16.77 2.79 19.53 106 82 83 68 
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Fluorinated compounds including commercially available polymers have been used 
as macroinitiators for non-fluorinated monomers to incorporate a fluorinated species 
in this way. In part 4.1 a novel type of fluorinated initiator which was used for the 
polymerization of styrene and MMA has developed to afford polymers possessing 
fluorinated chain ends. [41] The monomer (FM) synthesized here is a derivative of 
that initiator which its polymers have better non-wetting properties having higher 
contact angle values such as the advancing contact angle of water on the film of 
homopolymer p(FM) is 106o which indicates a hydrophobic surface. This is 
concluded that depending upon the degree of fluorination, our aromatic per-
fluorinated monomer is effective for the surface hydrophobicity as well as the 
alkylated perfluorinated monomers in the literature. [24, 179, 180] 
Among the unique properties of fluorinated polymers, fluoropolymers are low water 
absorption. PMMA has a tendency to absorb water, however, when FM monomer 
was incorporated to MMA, the absorption was greatly decreased.  
 
 
Figure 4.27 : Water absorption of pure p(MMA) and p(FM-co-MMA)-10/90. 
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A typical water absorption tendency of the copolymer of p(FM-co-MMA)-10/90 is 
shown in Figure 4.27. With as little as 9 mol % of FM content in the copolymer, the 
water absorption was found to be decreased one-third as compared with pure 
p(MMA). The decreasing water absorption could have resulted from the hydrophobic 
surface and bulk of the copolymer containing fluorinated aromatic rings. As it is 
known the difference between the advancing and the receding contact angles is 
called the hysteresis. The hysteresis gives information about the surface roughness 
and the inhomogenity in the surface. The advancing contact angle change 
significantly from 85 o to 104 o as the fluorine content increases but the hysteresis 
does not change much, suggesting that the surface of the film does not become rough 
and/or chemically heterogeneous.  
 
4.3. Synthesis of Fluorinated Urethane Acrylate Based Oligomers and 
Investigation of Its Performance in the UV-Curable Coatings 
Two synthetic strategies are generally utilized to prepare urethane 
(meth)/acrylates.[181-183] The first one is the reaction of a diol with a diisocyanate 
to generate an oligomer of required molecular weight followed by end capping with a 
hydroxyl functional acrylate The second strategy is the reaction of a hydroxyl 
functional (meth)acrylate with the appropriate diisocyanate to give an isocyanate 
functional (meth)/ acrylate followed by reaction with a suitable diol to give the 
resultant urethane (meth)/acrylate oligomer. In this study, we have used the first 
strategy to prepare urethane methacrylate.  UA and FUA were synthesized based on 
isophorone diisocyanate (IPDI), 2-hydroxy ethyl methacrylate (HEMA) and 
polypropylene glycol (PPG) and (3,5-bis (perfluorobenzyloxy) phenyl) methanol 
(FOH) respectively. The overall reaction scheme for the synthesis of the UA and 
FUA is given in Figure 4.28 and Figure 4.29.   
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Figure 4.28 : Synthesis of PUA. 
Reaction of 3,5-dihydroxybenzyl alcohol with α-bromopentafluorotoluene, in the 
presence of K2CO3 and 18-crown-6, in acetone at room temperature for 3 days gave 
FOH in 72 % yield. Also a novel perfluorinated acrylic monomer 3,5 
bis(perfluorobenzyloxy)benzyl acrylate (FM) with perfluorinated aromatic units was 
synthesized by using ( 3,5-bis(perfluorobenzyloxy) phenyl) methanol (FOH), 
acryloyl chloride and triethylamine with a yield of 77%. In this part, 
perfluoroaromatic group containing urethane acrylate (FUA) was synthesized by 
using (3,5-bis (perfluorobenzyloxy) phenyl) methanol (FOH), isophorone 
diisocyanate and 2-hydroxy ethyl methacrylate (Figure 4.29). PPG based 
polyurethane acrylate (PUA) without fluorine was also synthesized in order to use in 
control experiments (Figure 4.28). 
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Figure 4.29 : Synthesis of FUA. 
Typical FT-IR spectrum of synthesized UA are depicted in Figure 4.30 In the 
spectrum there is characterisitic peak of N-H at 3345 cm-1 and C-H aliphatic 
stretches bands at 2970- 2865 cm-1 are also observed. The strong absorption around 
1712 cm-1 in the spectra corresponds to the vibration of C=O group. Moreover, the 
presence of acrylate group is confirmed by the absorption bands observed at 1635 
and 817 cm-1. The absorption band at 1100 cm-1 indicates C-O-C group in the 
urethane. 
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Figure 4.30 : FT-IR Spectrum of PUA. 
 
Figure 4.31 shows 1H-NMR spectra of PUA in DMSO-d6. The peaks at 0.78-1.20 
ppm are ascribed to the –CH3 protons of IPDI and -CH3 protons of PPG. The -CH2 
protons in the cyclic ring of IPDI were at 1.20-1.99 ppm. The peaks in the range of 
2.15-2.20 ppm are –CH3 protons of HEMA. Methylene groups attached to the 
urethane nitrogen atom of IPDI were detected at 2.71 ppm. The peak at 3.00-3.46 
ppm was due to the -CH protons of IPDI (-CHNCO), -CH (-CH3-CH-O) and -CH2 
protons (-CH2OCONH) of PPG. The -CH2 protons attached to the ester group 
oxygen atom of HEMA (-COOCH2CH2) were detected at 4.23-4.40 ppm. The peaks 
in the range of 5.68 and 6.02 ppm are obviously observed in spectra, proved the 
existence of acrylic (-CH2=C-) group in PUA molecular structure related with 
HEMA. The peaks at 6.97-7.23 ppm are ascribed to the protons of -NH groups in 
urethane unit.  
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Figure 4.31 : 1H-NMR (DMSO-d6) Spectrum of PUA. 
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The FT-IR analysis of FUA was mainly used to check the completion of the reaction 
in terms of the disappearance of the –NCO band at 2269 cm-1 and the apperarance of 
the –NH band at 3352 cm-1, which could be ascribed to the hydrogen bonding 
between –NH and carbonyl groups. As shown in Figure 4.32, the spectra of FUA did 
not show any dedectable band at 2269 cm-1 but did show strong absorption bands at 
1715 cm-1 (amide stretching of the ester –C=O bond) and around 3352 cm-1 
(stretching vibration of the urethane –NH bond). The presence of acrylate group is 
confirmed by the absorption bands observed at 1640 and 817 cm-1 (out of plane 
bending of –CH of –CH=CH2). 
 
Figure 4.32 : FT-IR Spectrum of FOH and FUA. 
1H-NMR spectra of FUA in DMSO-d6 showed that  –NH protons appear as 
multiplets at 6.73-7.17 ppm. Aromatic protons of fluorinated benzene ring appear at 
6.63-6.73 ppm as a multiplet. The peaks between 5.67 and 6.05 ppm indicated the 
existence of acrylic (-CH2=C-) group in FUA. The -CH2 protons attached to benzene 
ring as well as to oxygen atom of the other benzene ring (-PhOCH2Ph-) were 
detected at 5.18 ppm. Methylene groups attached to the –OCO group of urethane 
nitrogen atom of IPDI were detected at 4.94 ppm. Figure 4.33 shows the complete 
1H-NMR spectral assignments which fully confirm the chemical structure of the 
perfluorinated urethane acrylate (FUA).                    
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Figure 4.33 : 1H-NMR (DMSO-d6) Spectrum of FUA. 
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The plexiglass substrates were coated by UV photopolymerization tecnique with 
various combinations of the coating formulations. Newly synthesized perfluorinated 
urethane acrylate (FUA) or fluorinated acrylate monomer (FM) was introduced into 
urethane acrylate or epoxy acrylate (EA) coating formulations and their physical and 
mechanical properties were investigated. The coating formulations were mixed of 
FUA or FM, HDDA, TPGDA and PUA or EA. 1,6-Hexanediol diacrylate (HDDA) 
and tripropyleneglycol diacrylate (TPGDA) were used as reactive diluents and 
Darocur 1173 as photoinitiator. Three different types of formulations were prepared 
and the compositions of formulations are given in Table 4.9. As seen in the table, 
there are 10 different formulations in which the reactive diluents (HDDA, TPGDA) 
and photoinitiator remains constant and the resin part is varied at 10, 20, 30 wt % for 
urethane acrylate (PUA) and epoxyacrylate (EA), also 5, 20 wt % for fluorinated 
monomer (FM) amounts. The control formulations contain no fluorinated units and 
was used to understand the remarkable enhancement in coating properties of the 
materials. 
Gloss measurement involves specular reflection. Specular reflection can be defined 
as a sharp light beam reflecting from smooth and uniform surface. Gloss is a critical 
property for many coating applications resulting from the interaction between light 
and the surface of the coating and is related to the amount of light reflected by the 
coating layer on a substrate. The gloss is affected strongly by surface roughness. 
Metals are of very high intensity and are not angle dependent but coatings are angle 
dependent materials. Various polymer films are checked by different degree gloss 
meter. Different angle of incidence is used in gloss meters such as 20 ° for high gloss 
surfaces, 60 ° for medium gloss surfaces, 85 ° for matte surfaces, 45 ° ceramic 
industry and 75 ° for paper industry. Gloss properties of UV-cured films on 
plexiglass panels were measured at an angle of 20 °, 60 ° and 85 °and summarized in 
Table 4.10.  
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Table 4.9 :  Compositions of Polyurethane/Epoxy Acrylate Formulations. 
 
 
 
 
 
 
 
 
 
 
 
PUA: Polyurethane acrylate,  
EA: Epoxy acrylate,  
TPGDA: Tripropyleneglycol diacrylate,  
HDDA: 1,6- Hexanediol diacrylate  
Darocur 1173: Photoinitiator 
 
Sample 
 
FM 
wt % 
 
PUA 
wt % 
 
EA 
wt % 
 
FUA 
wt % 
 
TPGDA 
wt % 
 
HDDA 
wt% 
 
Darocur 
1173 
wt% 
PUA (Control) - 50 - - 37 10 3 
10FUA - 40 - 10  37 10 3 
20FUA - 30 - 20  37 10 3 
30FUA - 20 - 30 37 10 3 
 
       
5FM-UA 5 45 - - 37 10 3 
20FM-UA 20 30 - - 37 10 3 
 
       
EA (Control) - - 50 - 37 10 3 
10FUA-EA - - 40 10  37 10 3 
20FUA-EA - - 30 20  37 10 3 
30FUA-EA - - 20 30 37 10 3 
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Table 4.10 : Physical and Mechanical Properties of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Gloss 
Gel 
Content 
(%) 
Pencil 
Hardness 
Pendulum 
Hardness 
(koenig) 
Cross 
Cut/ 
Tape 
Adhesion 
Water 
Absorption 
% 
 20o 60o      
 
PUA (Control) 
 
257 
 
199 
 
96 
 
3H 
 
35 
 
3 / 2B 
 
3.4 
10FUA 241 197 95 5H 47 3 / 2B 2.4 
20FUA 235 196 97 6H 50 2 / 3B 2.2 
30FUA 201 177 97 6H 52 0 / 5B 1.2 
 
       
5FM-UA 193 172 96 5H 39 1 / 4B 2.0 
20FM-UA 183 131 98 6H 45 0 / 5B 0.9 
 
       
EA (Control) 272 202 97 4H 73 0 / 5B 1.8 
10FUA-EA 265 201 98 5H 76 1 / 4B 1.6 
20FUA-EA 257 204 98 6H 77 1 / 4B 1.5 
30FUA-EA 253 200 98 6H 84 1 / 4B 0.8 
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The measurement at 85 ° is for matte surfaces, so these values were not presented. 
Surface roughness, the topographical orientation of the microfacets and refractive 
index of the coatings effect gloss.  As can be seen from Table 4.10 the gloss of the 
coatings decreased with the increase of fluorine content, which can be attributed to 
low refractive index of FOH used in the synthesis of fluorinated urethane acrylate. 
Gloss values of FM-UA formulations were lower than FUA formulations. This could 
be explained by roughness or chemical heterogeneity of the formulation which 
occurs when components are not uniformly distributed across the surface caused by 
being of FM a powder solid compound compared to resin form of FUA, although it 
was dissolved completely in the formulation. 
Gel content tests were applied to measure curing and cross-link degree of the 
formulations. Gel content values are listed in Table 4.10. Gel content of all the films 
were between 95% and 98% which indicated good curing degree for the films. 
Pencil hardness property of coatings on plexiglass panels were determined using 
pencil hardness tester (BYK Gardner) with a calibrated set of drawing leads ranging 
from 6B (the softest) to 6H (the hardest). The pencil that will not scratch the film 
reported as ‘‘pencil scratch hardness’’. This test is applied to understand hardness of 
the surface in addition to  pendulum hardness. Results of pencil hardness test of UV-
cured coatings are shown in Table 4.10. It was observed that the pencil scratch 
hardness of the all coatings was about 5H or 6H.  
Pendulum hardness test was performed on the UV-cured coatings and the results 
were presented in Table 4.10. Figure 4.34 shows the effect of the fluorine content on 
the surface hardness. The pendulum hardness of all samples increased with 
increasing fluorine percent, because the polymer network formed by UV-curing 
improved the surface hardness. 
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Figure 4.34 : Effect of the fluorine content on the surface hardness. 
 
Fluorine containing polymers have lower scratch coefficient and surface friction. It is 
known that fluorinated chains segregate towards the polymer–air interface, resulting 
fluorine enrichment on the surface of coating and a considerable decrease in the 
surface energy [184, 185]. Because of the fluorine enrichment in the polymer 
microstructure especially on the surface of specimens the scratch resistance 
significantly improves.  
Cross cut and tape adhesion tests were applied to determine adhesion properties of 
the coatings. Adhesion can be classified from 0 or 5B, which represents a poor 
adhesion, to 5 or 0B, which represents a good adhesion for the tests of cross cut and 
tape adhesion, respectively. As shown in Table 4.10, the coatings exhibited good 
adhesion on plexiglass panels, varied between 3 and 0.  As the fluorine percent 
inreased, also tape adhesion increased due to increasing gel content and crosslinking. 
One of the important factors affecting the acceptability of novel coating in 
engineering applications is the degradation of the coating by the moistures that will 
affect the physical and mechanical performances and causing it to fail. The water 
absorption behavior of the UV-cured coatings are shown in Table 4.10. The degree 
of water absorption decreased with increase in fluorine percent. The lower degree of 
water absorption of FUA, FM-UA films and FUA-EA films, as compared to PUA 
and EA respectively, may be due to stronger interfacial adhesion and hydrophobicity 
of the films. 
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The solvent resistance of coatings was examined by immersing film samples in 
various solvents such as xylene, methanol and chloroform for a 24 hr time period. 
The results of solvent resistance are listed in Table 4.11.  
The physical appearance of film samples was good and no breaks and yellowness 
were observed except chloroform but the irregular weight changes were detected but 
not more than 6 %.  
Chemical resistance of UV-cured coatings was studied in terms of percent loss in 
weight, and the results are shown in Table 4.12 which are less than 3 %. For this test, 
10% acetic acid, 10% HCl and 10% NaOH solutions were used. No specific trend 
and significant change in the physical appearance of the coatings was found except in 
NaOH means that the resistance of coatings to different type of chemicals were really 
high. 
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Table 4.11 : Solvent Resistance of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Xylene  Methanol  Chloroform 
Appearance Weight  
loss (%) 
 Appearance Weight 
loss (%) 
 Appearance Weight 
loss (%) 
 
PUA (Control) 
 
Good 
 
< 3 
  
Good 
 
< 5 
  
Broken 
 
< 6 
10FUA Good < 5  Good < 5  Broken < 6 
20FUA Good < 5  Good < 4  Broken < 5 
30FUA Good < 4  Good < 4  Broken < 4 
 
        
5FM-UA Good < 4  Good < 5  Broken < 5 
20FM-UA Good < 3  Good < 4  Broken < 3 
 
        
EA (Control) Good < 1  Good < 1  Yellowish < 2 
10FUA-EA Good < 1  Good < 2  Yellowish < 2 
20FUA-EA Good < 1  Good < 2  Yellowish < 4 
30FUA-EA Good < 1  Good < 2  Yellowish < 4 
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Table 4.12 : Chemical Resistance of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Acetic Acid (10%)  HCl (10%)  NaOH (10%) 
Appearance Weight  
loss (%) 
 Appearance Weight 
loss (%) 
 Appearance Weight 
loss (%) 
 
PUA (Control) 
 
Good 
 
< 2 
  
Good 
 
< 3 
  
Yellowish 
 
< 2 
10FUA Good < 3  Good < 2  Yellowish < 1 
20FUA Good < 2  Good 1  Yellowish < 1 
30FUA Good < 1  Good < 1  Yellowish < 1 
 
        
5FM-UA Good < 2  Good < 2  Yellowish < 3 
20FM-UA Good < 1  Good < 1  Yellowish < 2 
 
        
EA (Control) Good < 1  Good < 2  Yellowish < 3 
10FUA-EA Good < 1  Good < 2  Yellowish < 2 
20FUA-EA Good < 1  Good < 1  Yellowish < 2 
30FUA-EA Good < 1  Good < 1  Yellowish < 2 
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Dynamic and static contact angle measurements of the UV-cured films were 
performed.  Adhesive interactions between a liquid drop and a solid substrate cause 
the liquid to spread. Liquid cohesive forces cause the drop to dewet. The contact 
angle (CA) is determined by the competition between these two forces. CAs are 
commonly used to determine wettability and to predict adhesion. The static CA 
(sessile drop), θ, is obtained by simply placing a liquid drop on a horizontal, flat, 
nondeformable surface and measuring the angle at the liquid–solid–air boundary. In 
Figure 4.35 the obtained static contact angle data are summarized. The static contact 
angle of PUA and EA were 71 and 62 respectively. After introducing the 
perfluorinated urethane acrylate (FUA) or perfluorinated acrylic monomer (FM) to 
the formulations, contact angle values of the films increased at least 10 degree 
changing between 72-104 o. 
 
Figure 4.35 : Effect of the fluorine content on the contact angle. 
Dynamic contact angle measurement was executed by using two probe liquids, water 
and ethylene glycol. The largest possible angle, advancing angle, and the smallest 
possible contact angle, receding angle, for all the formulations were measured and 
tabulated in Table 4.13. The surface tensions of acrylic films were calculated from 
the average of advancing (θadv) and receding (θrec) contact angles. Owens-Wendt 
geometric mean with the two-liquid method was applied. 
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Table 4.13 : Surface Properties of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* γ s
  d
 : dispersion component ,  γ s p : polar (nondispersion) component,    γ s    : surface energy 
 
 
 
 Surface Free Energy (mN/m) Contact Angle θ (o) with 
 
γ s
 p    *
 
 
γ s
 d    *
 
 
γ s
 *
 
 
Deionized water 
 
 
Ethylene Glycol 
 
   θadv θrec θadv θrec 
PUA (Control) 17.9 13.3 31.2 73 60 51 31 
10FUA 13.8 19.0 32.8 73 45 55 41 
20FUA 7.3 21.9 29.3 82 67 59 29 
30FUA 3.6 16.7 20.4 96 71 75 66 
 
       
5FM-UA 5.6 18.9 24.6 79 62 66 35 
20FM-UA 0.4 22.3 22.8 105 65 79 33 
 
       
EA (Control) 34.6 4.8 39.4 64 46 49 26 
10FUA-EA 21.7 12.8 34.6 68 49 54 30 
20FUA-EA 16.7 14.1 30.8 70 58 55 41 
30FUA-EA 16.7 13.2 30.0 74 64 56 47 
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Perfluoropolymeric coatings confer to the surfaces low surface energy and low 
wettability and  materials treated with these products become hydrophobic. The 
segregation of fluorine to the film surface, contributed to the attenuation of the 
desired low surface energy even at low fluorine contents in the copolymer films, 
such as for the surface energy value of 5FM-UA (5%) decreased from 31.2 (for 
PUA) to 24.6 mN/m.  
Mechanical properties such as tensile strength (σ), elongation at break (ε, %) and 
modulus (E) are reported in Table 4.14. It was observed from Figure 4.36 that tensile 
strength of the coatings has increased with increase in fluorine content of the 
formulations. As can be seen in Figure 4.36, elongation at break (%) increased with 
increase in fluorine content for FUA coatings while FM-UA and FUA-EA coatings 
showed a decrease due to rigidity of aromatic ring in the structure of FM which 
effects UA and EA more than FUA. FUA is a viscous liquid while FM is a solid 
powder, and the 20 % is really a serious amount for a solid monomer to introduce 
into the formulation.  Also because of the bulky aromatic rings in the structure, 
mobility of the chains are restricted and may cause decrease in flexibility. 
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Table 4.14 : Stress-Strain Analysis of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Tensile Strength  
(MPa) 
 
Elongation at Break 
(%) 
 
Modulus  
(MPa) 
 
 
PUA (Control) 
 
55.2 
 
13.9 
 
17.3 
10FUA 82.4 19.1 19.2 
20FUA 96.3 20.0 25.1 
30FUA 121.3 21.9 77.6 
 
   
5FM-UA 59.0 16.5 51.0 
20FM-UA 61.2 13.9 68.77 
 
   
EA (Control) 209.4 16.7 190.4 
10FUA-EA 234.2 18.3 232.7 
20FUA-EA 253.9 14.3 270.9 
30FUA-EA 260.0 12.1 
 
280.1 
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Figure 4.36 : Effect of fluorine content on Tensile strength, Elongation at break and Modulus. 
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Figure 4.36 also shows that modulus value was higher for coatings having higher 
fluorine content. Modulus increase by cross-linking between the chains due to the 
formation of urethane linkages that impart higher strength. 
TGA is the most favored technique for rapid evaluations in comparing and ranking 
the thermal stability of various polymers. Thermal degradation behavior of the 
coatings was assessed by TGA in nitrogen atmosphere. TGA analysis results of the 
UV-cured films are collected in Table 4.15. 
Table 4.15 : TGA Results of UV-Cured Polyurethane/Epoxy Acrylate Films. 
 
It can be seen in Figure 4.37, Figure 4.38 and Figure 4.39 that the cured films 
showed only one step degradation curve. Also they have higher char yield than 
unfluorinated analogues and char yields increased as the fluorine content increased. 
 
 
 
 
 
5 % weight 
loss 
( oC) 
 
First max. 
Weight loss 
( oC) 
 
50 % 
weight loss 
( oC) 
 
Residue, % 
at 750  oC 
 
PUA 
(Control) 
 
306.5 
 
336.3 
 
394.5 
 
2.9 
10FUA 296.1 332.7 393.2 3.2 
20FUA 284.1 332.3 396.7 6.8 
30FUA 275.5 333.8 399.8 8.9 
 
    
5FM-UA 302.8 336.7 395.5 6.1 
20FM-UA 316.8 336.4 399.6 13.2 
 
    
EA 
(Control) 
341.8 375.7 422.3 3.0 
10FUA-EA 309.0 369.0 419.6 6.8 
20FUA-EA 284.7 357.2 415.3 9.8 
30FUA-EA 277.9 354.4 414.3 10.9 
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Figure 4.37 : TGA thermograms of PUA and FUA films. 
 
 
 
Figure 4.38 : TGA thermograms of PUA and FM-UA films. 
114 
 
 
 
 
Figure 4.39 : TGA thermograms of EA and FUA-EA films. 
The high char yield may benefit the flame retardancy. The 50 % weight loss 
temperature of FUA films increased with the increasing fluorine content while it 
decreased in the case of FUA-EA films. It can be due to well coordination of the 
urethane acrylate chains with each other in the formulation compared to epoxy 
acrylate-urethane acrylate coordination making the structure and the bonds less 
stable to the temperature. Also 20FM-UA film gave the largest amount of char yield 
because of the aromatic ring rigidity of the structure compared to FUA having long 
spacer and –OCH2 flexible groups. 
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5.  CONCLUSION 
In the first part of the study, a new ATRP initiator, 3,5-bis(perfluorobenzyloxy)- 
benzyl 2-bromopropanoate (FBr) having perfluorinated aromatic group was 
synthesized and used to perform ATRP of styrene (St) and methylmethacrylate in the 
presence of CuBr/PMDETA. The structures of the initiator and polymers were 
thoroughly characterized and confirmed using NMR spectroscopy. ATRP of St and 
MMA afforded perfluorinated aromatic group-terminated pSt and pMMA with 
narrow molecular weight distribution. A linear relationships between both 
ln[M]o/[M] vs. time and molecular weight vs. conversion indicated controlled/ living 
polymerization of St using FBr as ATRP initiator. The DSC results correlate well 
with the results of pure pSt and pMMA polymers. Introducing the fluorinated groups 
into the polymer gave higher residue in the TGA analysis. Contact angle 
measurements indicated that the surface wettability of the obtained films decreased 
significantly. As a further study, to use many unique advantages contributed by the 
fluorine group, this type of perfluorinated aromatic group containing monomers can 
be polymerized to form block copolymers in which more fluorine groups are 
incorporated. 
In the second part, we could demonstrate the successful synthesis and polymerization 
of a new aromatic-perfluorinated acrylic monomer and its copolymerizarion with 
MMA. Also the kinetics of synthesized fluorinated monomer with MMA have been 
studied extensively in order to obtain information on the relationship between 
structure and reactivity. The greatest challenge of synthesizing these novel 
fluorinated monomers is often the analysis of the final products due to their low 
solubility, but homopolymers of synthesized monomer and copolymers are soluble in 
organic solvents such as tetrahydrofuran, dichloromethane, acetone and 
dimethylsuphoxide. In DSC measurements, only one Tg was observed for each 
copolymer. These results indicate that monomers FM and MMA have good 
copolymerization tendency and that nearly ideal random copolymers can be prepared 
via their copolymerization. Addition of fluorinated side groups into the copolymer 
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results in a hydrophobic surface. Furthermore, the critical surface tensions of the 
fluorinated copolymer films are lower than pMMA. These properties make the 
copolymers good candidates as hydrophobic optical, electrical and coating materials.  
At the last part of the study, photo curable, fluorine modified coatings were prepared. 
Newly synthesized fluorinated urethane acrylate (FUA) and fluorinated monomer 
(FM) were used to decrease surface energy of the UV-cured urethane and epoxy 
acrylates films. The structure of the FUA and FM were proved by FT-IR, 1H-NMR 
techniques. The flame retardancy and hydrophobicity of the coatings were enhanced 
by the addition of fluorine. The highest amount of fluorine containing coating 
showed a contact angle of 104o. The surface resistance to scratch improved with 
fluorine enrichment in the coatings. Also increasing amount of fluorine content 
incorporation into the formulations improve pendulum hardness. A very good 
chemical resistance and very less solvent absorption showed that coatings made by 
using FUA and FM get cross-linked properly. The thermal stability, hardness and the 
char yields of the coatings are also increased with the fluorine content. The obtained 
results are beneficial for developing applications of UV-curable epoxy acrylate and 
urethane acrylate in areas such as coatings, adhesives and packaging. 
As a consequence, fluorine-containing polymeric materials exhibit unique property 
combinations of low surface energy; low friction; low refractive indices; dirt 
repellant; biological inertness (i.e., resistant to a harsh environment); good resistance 
to corrosive chemicals; good stability against hydrolysis; low water and ion 
permeability; low solubility in polar and non-polar organic solvents (being non-
wettable and oleophobic, low interfacial free energy) due to substantial 
hydrophobicity. They also have remarkable resistance to flame, UV radiation, 
fouling agents like by marine organisms, chemicals, solvents, oxidative attack and 
possess excellent thermal stability [10, 186-192]. Out of the list of properties 
mentioned above, some are bulk properties, e.g. chemical inertness, thermal stability, 
and lubricity, and some are surface properties such as oil, dirt and water repellence 
and cleanability. In many coating applications, the bulk properties of fluoro polymers 
such as chemical and thermal resistance are the desired properties. In these cases, the 
use of large quantities of fluorine throughout the coating is necessary. However, 
polyurethane coatings have adequate chemical and thermal resistance and the use of 
fluorine-containing monomers and polymers is not a cost effective alternative 
approach for structural modification. Therefore, obtaining the repellency and 
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cleanability of a fluoropolymer would be desired with a less cost. In these cases, the 
surface property improvement by introducing fluorine will accomodate the coating 
for using in aggressive environment and formulator do not need to use systems that 
have fluorinated groups throughout the bulk of the film. In fact, excess fluorine 
content throughout the film decreases the adhesive strength at the metal/ polymer 
interface
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